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Abstract
ABSTRACT
Visible light emission from silicon nanostructm*es formed by ST ion implantation into a 
SiO  ^matiix and subsequently annealed at high températures (mainly 1300°C and 900°C) in 
various annealing atmospheres has been investigated. Various analyses techniques, such as 
Rutherford Backscattering Spectroscopy (RBS), Secondary Ion Mass Spectroscopy 
(SIMS), Photoluminescence (PL), and Transmission Electron Microscopy (TEM) were 
employed to characterize the stmctures in terms of their* composition and optical properties. 
RBS and SIMS analyses revealed nitrogen and carbon impurities in the samples which we 
conclude originate from contamination, such as and CO  ^in the ion beam. PL analysis 
with a 488 nm Ar* laser at 300 K showed that there was no visible PL from the samples 
before ST implantation or from the samples after ST implantation but before annealing. 
Also, implantation gave rise to no PL.
ST implanted samples with 2 x1 0 ^  ST cm'^ and bx lO ^S T  cm'^ exhibited, after annealing 
at 1300°C for 30 minutes in a nitrogen ambient, strong visible PL, with a broad spectr um at 
peak wavelengths of 580 nm and 760 nm, respectively. There was a weak dependence of 
the PL peaks at 580 nm and 760 nm on annealing time and annealing temperature. 
However, there was no PL from implanted and annealed samples. Annealing the ST 
implanted samples in forming gas (EG) at lower temperatures (up to 1000°C) increased the 
PL peak intensity up to a factor of two, however, the PL peak wavelengths were the same. 
It is concluded that hydrogen annihilates the non-radiative recombination pathways. This 
effect provides evidence for surface states playing an important role in light emission. From 
PL analysis, using a short wavelength laser (325 nm), it was found that silica samples 
showed one broad PL spectrum at a peak wavelength of 440 nm, whereas samples 
consisting of a 1 pm thick SiO^ film exhibited several peaks which we found to be due to 
optical interference. Detailed observations of the fine stracture in the PL spectra at low 
temperature (18 K), from the silica samples which were annealed in FG at 900°C revealed 
strong evidence for interaction between excitons and Si-O vibrations localized in a very 
small region. TEM analysis showed that there were precipitates after annealing at 1300°C 
in Ng in a sample implanted at a dose of 2 x 10^  ^ST cm'  ^with an energy of 400 keV whilst 
HTEM analysis showed that the microcrystallites varied in size from 2.5 nm to 7.5 nm. 
However, TEM failed to show any precipitates in samples which were implanted with the 
same dose at an energy of 200 keV and have str ong PL, and this is also another strong 
indicator that the PL emission is not simply due to quantum confinement. In this thesis, we 
propose a luminescent model to describe the mechanism for light emission. Physically the 
emitting structures are envisaged to have three regions, namely, a Si core (Si precipitate), 
an interfacial transition region whose composition varies from Si to SiOg, and the 
surrounding SiO  ^ matrix. Light emission occurs by a two step process involving 
generation and confinement of excitons in the Si core, whose band structure is modified 
from that of bulk crystalline silicon, and radiative recombination through the interaction of 
excitons and Si-O vibrations within the interfacial transition region. The justification for 
this model is discussed in this thesis.
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Chapter 1 Introduction
CHAPTER 1
INTRODUCTION
1.1 Dawn of light emission from silicon
Microelectronics is one of the major industries today which is projected to have a $250bn 
turnover for the sale of integrated ckcuits by the year* 2000 according to World 
Semiconductor Trade Statistics (WSTS) [1]. Although there are many different 
semiconductor materials, it is silicon which has played the most significant role in 
revolutionizing ever*yday life. The appearance, especially, of integrated circuits (IC) and, 
more recently, very large scale integration (VLSI) has not only influenced the design of 
consumer* and industrial products, but also created new applications. For example, the 
calculator changed its style from a huge mechanical system to an electronic, lightweight, 
palm held system, and the debut of the IC microprocessor in 1971 [2] has stimulated a new 
world of personal computing which is now indispensable to current societies. Large 
investments in silicon technology have been made during the last three or four decades and 
this has resulted in a well developed market for ICs and VLSI circuits.
Over* recent year s, one of the most promising and challenging technologies for applications 
in the field of high speed and high density computing, communications and displays is 
optoelectronics which requires components such as light sources, detectors, wave guides 
and filters. This includes light emitting devices of which there are several including lasers 
and light emitting diodes (LED). Commercial semiconductor lasers have been developed 
using compound semiconductor materials, where the applications include consumer* 
electronics, entertainment and computer industries, examples of successful applications are 
CD players, CD-ROM, displays and fibre optical communications. In the case of lasers, a 
great deal of attention is currently focused on the shorter wavelength devices because of the 
application to large data optical storage devices. The LEDs, with various visible
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wavelengths which include red, yellow, green, and even blue, all of which are based on 
ni-V and n-VI semiconductor materials, have been developed over the last ten years and 
these LEDs have been applied in various displays, ranging from high value added systems 
for aircraft displays to low cost volume products such as automobile lights and even 
including traffic lights [3]. The compound semiconductors largely owe their success to 
their direct band gap within the range 3.26 eV (380 nm) to 1.61 eV (770 nm). For instance 
the AkGaj^^P has a direct band gap of about (2.28 eV + 0.16 x) eV [4] where x defines the 
volume concentration of Al. The drawback for compound semiconductor materials has 
always been their* incompatibility with silicon processing, mainly because of mismatching 
lattice dimensions, lack of a high quality oxide, poor thermal stability and dopants with low 
diffusion rates. Until recently [5], conventional thinking was that because silicon has an 
indirect band gap of 1.1 eV (1127 nm), it would not be suitable as a som'ce of visible light.
There has been a long cherished desire to achieve visible light emission from silicon in 
order* to exploit the worldwide investment in bulk silicon technology and thus be able to 
reap the potential benefits of low cost, reliable integrated optoelectronic circuits. In 1990, 
the dream became a possibility when L T Canham of DRA reported intense visible 
photoluminescence at room temperature from porous silicon [6] in which silicon 
nanostnictures were included. This sensational discovery attracted the attention of a great 
many researchers around the world. Since then, considerable work has been carried out on 
silicon nanostr*uctures, both to determine the mechanisms responsible for* the light emission 
and to seek routes for its exploitation. Much of the work has been carried out on porous 
silicon because of its relative ease of fabrication. There are a few papers [60,128] 
published during the period 1990 to 1994 in which the authors reported light emission 
originating from nanocrystallites grown by other techniques such as chemical vapour* 
deposition (CVD) and by ion beam synthesis (IBS). These structures have particular* 
advantages over* porous sihcon as they are formed by vacuum processing, which is 
compatible with bulk silicon processing, and generally have good controllability and 
reproducibility. In order to develop and apply these technologies to real products, one has
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to know the origin of the luminescence because, otherwise, one cannot optimise the process 
and device design to yield a reliable and reproducible product. As a result of the world­
wide research activity, there are now three front r*unning mechanisms for the visible light 
emission from porous silicon which are:
1. Quantum size effect [5]
2. Surface states of crystalline defects [58]
3. Silicon compounds, eg polysilane or siloxene [33]
Currently, mechanisms 1 and 2 are considered to be the most probable processes 
responsible for the luminescence.
1.2 Objective and methodologv
The objective of this project is to explore the possibility of visible light emission from 
silicon nanostructures formed in a Si0 2  matrix by ion beam synthesis and to determine the 
origin of the visible light emission. In order to form nanostructures in the Si02 matrix, we 
employed ST ion implantation to produce a supersaturated solid solution of silicon in the 
SiOg and, subsequently, anneal techniques were employed in order to create silicon 
precipitates in the Si02 matrix. We employed a thermal oxide as the matrix which has a 
wide band gap (~ 9eV) and as SiOg is relatively easy to manufacture with high purity and 
has good high temperature stability. Its physical and chemical properties are well 
understood because of a vast history of research. Also, it approxhnates to glass which 
might be the substrate for devices in the future.
Naturally, the long term goal is the commercialization of the technology by using these 
layers as the light source for large area optoelectronic systems such as displays.
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In this project, various characterization and analytical techniques such as 
photoluminescence (PL), Rutherford backscattering spectroscopy (RBS), and cross 
sectional tr ansmission microscopy (TEM) have been used in order to record the emission 
spectrum, to analyse the depth profile of the implanted silicon, and to physically observe 
the microstrarcture of the Si/SiOg layers, respectively.
This thesis is divided into several chapters including this Introduction. A literature survey 
is presented in Chapter 2. In Chapter 3, we present the basic physics of ion implantation 
and the synthesis of new phases. In Chapter 4, we describe the experimental conditions 
and procedures employed in this project for the preparation and analysis of the samples. In 
Chapter 5, we present the experimental results and, in Chapter 6, we discuss the results 
presented in Chapter 5 and, also, present a physical model for the origin of light emission 
from silicon. Finally, we present the conclusions and make suggestions for future work in 
Chapter 7.
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CHAPTER 2
LITERATURE SURVEY OF LIGHT EMISSION FROM SILICON
NANOSTRUCTURES
2.1 Introduction
The recent discovery by Canham in 1990 [5] of visible light emission from porous silicon 
at room temperatme is an important milestone along the route to the eventual realization of a 
silicon-based optoelectronics technology. In his pioneering paper, he described how to 
fabricate porous silicon structures which emit visible light during illumination with a higher 
energy radiation (photoluminescence). Subsequently, these light emitting films were 
shown to consist of free-standing Si “nano wires” [6], Since the original paper was 
published there has been a worldwide drive to research and develop the technology to 
achieve high intensity stable visible light emission from these silicon nanostructures.
Light emission may occur due to various electronic processes such as the intr oduction of an 
impurity atom into the silicon or the growth of strained layers on the silicon in order to 
create quantum structures. An example of the former is the introduction of erbium (Er) into 
the silicon matrix which Favennec et al [7] carried out in 1990. Erbium, when incorporated 
in a solid such as silicon and Al^O  ^in a trivalent state, show internal 4f emission at about
1.5 pm. When Er was introduced into the silicon matrix this achieved a sharp PL peak at 
1.54 pm at a temperature of 77 K [7], which is suitable for optical communication 
technology. An example of the latter is a Si/Ge quantum structure which can be grown by 
the molecular beam epitaxy (MBE) technique. Fukatsu et al [8] demonstrated this structure 
in 1991 and they claimed that due to the change to a wider band gap, this material achieved 
apeak at 1.38 pm, at a temperature of 100 K [8], which can be used for photodetectors or 
semiconductor lasers. In order to achieve visible emission, an energy transition within the 
range of 1.6 eV to 3.1 eV is required. Conventional methods of generating visible Hght
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from solid state semiconductor sources employ wide band gap III-V or II-VI compound 
semiconductor materials as mentioned in Chapter 1. With regard to silicon based materials, 
SiC has been investigated and commercialized because of its wider band gap of 2.4 eV 
which enables blue emission [4] to be achieved. However, the spectrum of light emission 
from the above mentioned materials, except SiC, is different from that of porous silicon in 
that luminescence is out of the visible range or it is necessary to cool the sources to a 
temperature lower than room temperature. The beauty of Canham’s discovery was that he 
demonstrated that there was a practical possibility of achieving visible luminescence at room 
temperatme from silicon itself.
A lot of resear ch regarding the origin of luminescence from silicon nanostructures has been 
conducted in many research laboratories all over the world based on porous silicon 
[27,31,54]. Porous silicon was discovered by Uhlir in 1956 [9]. He fabricated the porous 
layer, which contains a very high density of pores in a silicon matrix, by electrochemical 
dissolution in hydrofluoric acid (HF) solution. In 1981, porous silicon was studied as a 
precursor material for the realization of SOI substrates (FIFOS) [10]. In this technology, 
advantage is taken of the fact that thick films of the material which can be oxidized easily 
and quickly due to the very large surface to bulk ratio. Thus a thick SiO  ^ layer can be 
readily formed underueath a single crystal silicon film using modest oxidation temperatures 
and oxidation times. Imai et al [11] proposed an SOI device using this structure.
Figure 2.1 shows a schematic of a typical apparatus used to fabricate porous silicon [12]. 
The crystalline silicon wafer (anode) and platinum (Pt) electrode (cathode) are immersed in 
a 48% HF solution, which is normally diluted to approximately 25%, using an alcohol 
solution. Typically, the silicon substrate is anodized for times between 3 to 60 minutes by 
driving a constant current through the electrolyte. The cmrent density is normally in the 
range from 10 to 100 mA/cm^ [13]. As indicated in Figure 2.1, the apparatus has a 
relatively simple configmation, however, it is a chemical process, so there are several 
drawbacks including difficulty in process control, difficult contamination control, which
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depends on the pmity of the chemicals, whilst the material itself is not easy to incorporate in 
conventional silicon processing. Moreover, since the porous silicon structure is physically 
fragile, chemically unstable and highly reactive, due to its vast surface area [13], it is also 
necessary to take special precautions during storage and encapsulation.
Although a lot of work regarding mechanisms for the visible light emission had been done, 
the origin of this light emission is still the subject of much controversy where the front 
running mechanisms discussed in the literature and reported in Section 2.2 can be grouped 
as:
1. Quantum size effect
2. Compound and related materials
3. Surface states
In this chapter we summarize published work on the above three mechanisms for light 
emission from porous silicon and, subsequently, we will report the work regarding visible 
luminescence from silicon nanostructures formed by ion beam synthesis.
2.2 Mechanisms for visible light emissions from porous silicon
The front running mechanisms proposed for visible light emission from porous silicon aie 
associated with (1) quantum size effects, (2) compounds of silicon, and (3) Si/SiO^ surface 
states. We will review the cuixent states of these three mechanisms in the following 
sections as they have direct relevance to the mechanism for visible light emission from the 
nanostructures under study in this project.
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HF Solution
Pt Electrode
Silicon Wafer
Figure 2.1 Schematic diagram of anodization cell for porous silicon [12].
• M icroporous Silicon
.9.*^ i
p-type S i-Substrate (2 ncm );
Figure 2.2 TEM micrograph of porous silicon [13]
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2.2.1 Quantum size effect
Figure 2.2 shows a TEM micrograph of porous silicon taken from a published paper [14]. 
Several experiments [15,16] have shown that the porosity of the silicon is an important 
physical property of the porous silicon which affects the luminescence. Generally 
speaking, the higher the porosity, the greater is the intensity of the visible emission. The 
porosity of the anodized silicon is defined as the ratio of the diameter of the Si wires to that 
of the pores. Canham attributed the emission to a two-dimensional size effect which 
modifies the band stnicture by increasing the band gap (Eg) and thus, facilitates emissions 
with energies greater than the band gap energy of bulk ciystalline silicon (1.1 eV).
Following the Canham paper, other groups fabricated the material for studies of light 
emission from silicon. Koshida et al [17] of Tokyo University of Agifcultuie and 
Technology, confirmed that UV-excited porous silicon exhibits visible photoluminescence 
at room temperature. They took p- and n-type silicon wafers, whose resistivities were 8-11 
Qcm and 1-2 Qcm, respectively. They assumed that the porosity could be controlled 
by adjusting the anodization current which they varied from 25-80 mA/cm^. These authors 
suggested that the peak wavelength of the PL spectra depends not only on the anodization 
current but also on the resistivity and the conduction type of the Si substiates, although they 
did not report the detailed relationship. These authors assumed that these phenomena may 
be interpreted as a result of quantum size effects but no model was discussed.
In 1991, Lehmann et al [6] of Duke University suggested that the luminescence was due to 
quantum confinement in the very narrow silicon walls between the pores. They measured 
the weight of the free film of standing porous silicon (pPSL) and the weight of a film of bulk 
silicon with the same thickness (psi). They defined the porosity (p) of  porous silicon as:
p= (psi-ppSL)/psi  (2.1)
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They determined the pore diameter from TEM observations and, for example, for porous 
silicon with pores of diameter 6 nm they calculated from experimental weight measurements 
a porosity of 31% using the above equation.
Figure 2.3 shows thefr proposed simple model of porous silicon assuming a regular* 
triangular* patter*n of charmels perpendicular* to the surface. They deter*mined the ratio of q/d 
and m/d, where q, d and m are the maximum diameter of the wire, the diameter of the pore, 
and the minimum wall thickness between pore and wire, respectively. By using equation 
2.1, they achieved good agreement between the obser*ved value of q and calculated value of 
q. Regarding the example quoted above, they calculated a pore diameter of 6 - 6.6 nm 
which is very similar* to the observed value.
Lehmann et al [6] calculated an increase in the effective band-gap energy by using the value 
q which is calculated frorn.(2.1). They proposed that the carrier* depletion in the walls 
between the pores is caused by the confinement of charge carriers due to the very small 
dimensions. This confinement leads to an increase in the effective band gap energy with an 
energy gap shift (AEv) for* holes and (AEc) for electrons. These regions may be considered 
as quantum wires of diameter q as mentioned above. From these assumptions they 
proposed the following equation:
AE=h^/(4m*q^) (2.2)
In this equation, h is Planck's constant, and m* denotes the effective mass. They 
calculated AEv and AEc by substituting m* with mfi* or me* for* holes and electrons,
respectively. If the diameter* of the quantum wire changes from 2 nm to 6 nm, the increase 
(AEv + AEc) in the band-gap energy will be between 0.3 to 3.2 eV. The authors claim that 
due to the structural complexity of porous silicon, this calculated figure has to be 
considered as an order-of-magnitude estimate.
10
Chapter 2 Literature Survey of published work relevant to this project
In 1992, Takagahara et al [18] of NTT Basic Research Laboratories investigated the 
confinement effects on excitons in nanostructures of indkect-gap materials like Si and Ge. 
They calculated the exciton transition energy, exciton binding energy, and exciton oscillator 
strength by considering isolated nanocrystallites. They assumed an isolated nanocrystallite 
with a spherical shape as a quantum dot, and calculated the excitonic states by using the 
Luttinger Hamiltonian [19]. Figure 2.4 shows the calculated results. The exciton energy is 
plotted as a function of the dot diameter for silicon (solid line) and Ge (dashed line). The 
exciton energy in Si is changed from about 1.2 eV for 70 Â diameter Si to 3 eV for 18 À 
diameter Si. Taking the peak energy of Canham's photoluminescence spectra (« 1.6 eV) 
[5], one can estimate from Figure 2.4 that his Si nanostructures have diameters of about 50 
- 65 Â. Canham also quoted in his paper [5] that the porous silicon wire size measured by 
Barret-Joyner-Halenda (BJH) analysis of the nitrogen desorption isotherms [20], is 30 - 60 
Â with a peak at 50 Â, which is in close agreement with Talcagahara's results. These 
researchers estimated that the exciton binding energy conesponding to this range of 
quantum dot size is about 75-95 meV which is in good agreement with the experimentally 
measured activation energy of 73 meV from the temperature dependence of the 
photoluminescence intensity measured by Gardelis et al of UMIST [21]. According to their 
measurements, although they do not quote the size of the Si wire, the measured energy was 
73 meV, which again is close to the value derived by Takagahar a et al [18].
In 1992, Proot et al [22] of Institut Supérieur d'Electronique du Nord calculated the 
electronic structure of spherical silicon crystallites which contain up to 2058 atoms (cluster 
diameter is 43 Â). They assumed that the porous silicon was composed of clusters which 
are only weakly interconnected. The calculations were carried out using the linear 
combination of atomic orbitals which allows one to treat large clusters of silicon atoms, 
where each dangling bond at the surface of the silicon cluster is connected to a hydrogen 
atom.
11
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Q  cp
^  Q u a n t u m  w ire
p o r e
P S L  c r o s s - s e c t i o n
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0 . 0 0 . 2 0.4 0.6 0 . 8 1
Porosi ty
Figure 2.3 Sketch of a porous silicon sample and the ratios of the maximum (q) and minimum wall thickness (m) as a function of the porosity (p) of the sample [6].
Ge
—  Si Q.Oot 
--- Ge Q.Dot
m
40
R(A)
Figure 2.4 The exciton energy in quantum dots as a function of the dot radius for Si (solid line) and Ge (dashed line) [18].
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Figure 2.5 shows the calculated results plotted as the optical gap versus cluster size, within 
the range from 0.8 to 4.3 nm, and a gap energy of 6 to 1.0 eV. The crossed symbols (+) 
show the calculated results from various silicon crystallites with respect to their diameter d. 
The continuous line shows the calculated results using a d'i-39 law, where d is the cluster 
diameter. The dashed line corresponds to the same results but includes the Coulomb 
energy due to the interaction of electrons and holes [23]. The black dots and squares are 
the experimental results of Fuaikawa and Miyasato [24]. They found that the calculated 
diameter of between 2.4 nm and 3.0 nm is in good agreement with the measured 
luminescence band of 560 nm to 900 nm (1.4 - 2.2 eV) which is recorded from crystallites 
with a measured diameter between 20 - 30 Â [24].
6.0
4.0
a.<0  3.0
2.0
1.0
0.5 1.0 1.5 2.5 4.52.0 3.0 3.5 4.0
D (nm)
Figure 2.5 Calculated results plotted of the optical band gap as a function of cluster size [22].
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Further analyses were canied out in 1992 by Ohno et al [25] of NTT LSI Laboratories. 
They employed a model with crystalline Si wires along the (001) direction which included 
3 X 3, 4 X 4, and 5 x 5  silicon structures. Each structure had the characteristic diameter L 
of 7.7, 11.5, and 15.3 Â. According to these calculations (see Figure 2.6), the diameter 
corresponds to emission energies of 3.11 eV, 2.47 eV, and 2.06 eV, respectively. The 
authors suggested that the Si wires have a direct band gap in the visible energy range (1.75 
- 3.1 eV). A similar calculation was canied out by Read et al [26] of Cavendish 
Laboratory, University of Cambridge in 1992. They used a model, where the isolated 
columns of porous silicon are treated as wires of rectangular cross section with the wire 
axis along the (001) direction. They studied 5 x 4, 7 x 6, and 9 x 8  silicon atom wire 
structmes, which correspond to wire diameters of approximately 12 Â, 20 Â, and 23 Â, 
respectively. These calculations generated similar values to those reported by Ohno et al 
(see Figure 2.7).
In 1993, Deleme et al [27] of Institut d'Electronique et de Microelectronique de Nord 
analysed the models of luminescence from various silicon nanostnictures. They calculated 
the electi'onic structure of ciystallites and wires with a diameter of up to 4.3 nm (2049 
atoms in the crystallite). They assumed that the crystallites and wires were spherical and 
cylindrical, respectively. The dangling bonds at the surface of the stmctures were 
passivated by hydrogen atoms to avoid localized states in the band gap. They employed the 
Lineal' Combination of Atomic Orbitals (LCAO) technique [22].
Figure 2.8 shows theii* calculated and experimented results. The symbols (x, *, ° ) 
correspond to various silicon crystallites or wires (100:x 110:*, 111:° ) with respect to their 
diameter, d. The continuous line is a best fit curve calculated using a d’^  law, whereas n 
has a value between 1.0 and 2.0. The black dots and squares aie the experimental results 
obtained from reference [24]. From thefr calculations and experiments, the authors 
concluded that the inclusions aie silicon ciystallites. These results suggest that not only the 
size but the shape of the silicon affects the optical band gap and that crystallites are more
14
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Figure 2.6 Electronic structure near the band-gap region for a 3 x 3 Si wire and the atomic structure of the 3 x 3 Si wire in the inset [25].
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Figure 2.8 Calculated optical band energies for various silicon crystallites [27].
Table 2.1 Parameters for preparation of porous silicon samples in Figure 2.9 [29].
p-Si(lOO) 
(ff cm)
H F in 
ethanol 
(%)
Current
density
(m A /cm ^
Etching
time
(min)
A > 50 20 20 60
B > 50 15 25 12
C > 5 0 20 20 5
D ~  0.1 20 10 30
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probably the origin of light emission than aie the wires. In the stmctural study caixied out 
by Xie et al [28] of AT&T Bell Laboratories, the authors concluded that the clusters have a 
diameter of 6 - 7 nm, instead of the columns postulated by Xie. The observed bandwidth 
of the red emission from porous silicon (between 1.4 and 2.2 eV) is compatible with 
crystallites which have diameters between 2.5 nm and 4.5 nm. Concerning emission at the 
shorter wavelength (blue band), the high energies of this photo emission (2.5 eV) 
correspond to crystallites with a diameter of 2.0 nm or wires thinner than 1.5 nm. The 
authors concluded that these blue and red emission bands can be understood by assuming 
spatial confinement of the carriers.
In 1995, Schuppler et al [29] of AT&T Bell Laboratories demonstrated the relationship of 
the size, shape and composition of the silicon nanostructures, with the energy of the 
emission from oxidized and H-passivated porous Si. Figure 2.9 summarizes their data and 
shows the dependence of the peak luminescent energies in the visible region (<700 nm 
(1.77 eV)) on the average shape and size of the silicon cores. They prepared four wafers of 
porous silicon which were differently processed and labelled as Por-Si(A) to por-Si(D). 
Details of the processing are shown in Table 2.1. They investigated the microstructure of 
these samples by TEM and found that the nanostructures were spherical and not linear* 
wires. Consequently, the authors assumed that the luminescence came from the spherical 
nanocrystallites. In Figure 2.9 the markers labelled Six(l). Six(m), Six(s) and Six(vs) 
indicate the measured luminescence peak and outer diameters of the nanostr*uctm*es which 
were found to be 26 ± 6 Â, 33 ± 6 Â, 45 ± 7 Â, and 96 ± 19 A, respectively.
These experiments suggest that the mean diameter of the lar'gest par ticles is 14 Â or 13 Â 
which is below the detection limit of conventional TEM or diffraction techniques. From the 
calculated results shown in Figure 2.9 (dashed line in upper graph) the lower limit is 8.5 -
9.5 Â which is much smaller than those reported by other groups [5,6,18,30]. From these 
results the authors conclude that the dominant shapes of the species reponsible for the
17
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visible luminescence are crystallised silicon particles whose average dimensions are less 
than about 15 Â, and whose surfaces are passivated with either H or O or both.
Table 2.2 shows a summaiy of the PL peak energy and estimated crystallite diameter taken 
from the literature.
Table 2.2 Summary of the PL peak energy and estimated diameter.
Year Ref No Name PL Energy 
(eV) Estim ated size (nm) N ote
1988 24 Furukawa et al 2.05-2.40 2.00-3.00 Experimental
1990 5 Canham 1.40-1.60 3.00-6.00 Experimental
1992 30 Tsu et al 1.70 2.00-3.00 Experimental
1995 29 Schuppler et al 1.38-1.85 0.85-1.40 Experimental
1991 6 Lehmann et al 1.40-4.60 2 .0 0 -6 . 0 0 Simulation
1992 18 Takagahara et al 1.40-1.60 5.00-6.50 Simulation1992 2 2 Proot et al 1.60-5.00 0.80-4.30 Simulation
1992 25 Ohno et al 2.06-3.11 0.77-1.53 Simulation
1992 26 Read et al 2.10-4.69 1.20-2.30 Simulation
1993 27 Delenre et al 1.40-2.20 2.50-4.50 Simulation
From these surveys, all the experimental results show the observed PL pealc wavelength is 
between 516 nm (2.4 eV) to 885 nm (1.4 eV) although some theoretical calculations 
suggest there is a possibility of achieving the shorter wavelength. It is noted that data by 
Schuppler et al suggest smaller precipitate size but this is not consistent with other 
published results.
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2.2.2 Compounds and related materials
In this Section we consider studies of some photoluminescent models by Motohiro, Brandt, 
and Stutzmann [31,32,33] who suggested that the origin of the visible luminescence from 
porous silicon is due to the presence of polysilane or siloxene molecules which have wider 
band gaps.
The first significant paper was by Motohiro et al [31] of the Toyota Central R&D 
Laboratory who presented a polysilane model at the MRS '91 Fall Meeting. They assumed 
that the photoluminescence (PL) peak wavelength should be temperature dependent if it is 
due to quantum confinement although they did not qualify this reasoning. According to 
their* theory, the band to band transition energy in bulk silicon shows 0.04 eV blue shift 
when the temperature was decreased to 77K. They measured the temperature dependence 
of the PL from porous silicon which they prepared by the conventional method as described 
in Section 2.1. They found that there was no blue shift of the PL signal from their* PL 
measurements on this porous silicon, as shown in Figure 2.10. They also calculated a 
possible model of hydrogen-terminated silicon clusters connected with polysilane bridges 
using a semi-empirical quantum chemistry calculation programme called MOPAC [34]. 
Figure 2.11 shows three models of silicon nanostructures calculated by MOPAC. 
According to their calculation, structure (a) has a 3.4 eV energy gap between the ground 
state and excited state, structure (b) has 0.4 eV between these states and when they 
combined these two models to create structure (c), the energy gap is 1.8 eV. They claimed 
that this structure (c) was the possible model of the material which is responsible for tire 
visible emission from porous silicon.
In 1992, Brandt et al [32] of the Max-Planck Institute in Stuttgart proposed a siloxene 
model. This group chemically synthesised siloxene using the reaction of CaSi2 powder and 
concentrated hydrochloric acid, according to the preparation method proposed by Kautsky 
[35]. The resulting siloxene was in the form of a greenish-white powder which showed a
20
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Figure 2.10 Typical room temperature and 77 K PL spectra by Motohiro et al [31].
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Figure 2.11 Calculated models of silicon nanostmctures by Motohiro et al [31].
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weak room temperature photo-activated fluorescence in the green [36]. Figure 2.12 shows 
the stmctural models of siloxene where stmcture (a), described by Kautsky, consists of 
layers formed by hexagonal silicon rings separated from each other by oxygen bridges with 
the remaining silicon dangling bonds terminated by hydrogen. Structures (b) and (c) were 
proposed models based on X-ray measurements [37], which contain linear' silicon chains 
interconnected by oxygen or pure sihcon layers with alternating OH and H bond 
terminators. Then Brandt et al compared the measured PL spectra and infrared absorption 
spectr a from porous silicon, which was prepared from P+-doped silicon by anodizing in a 
HF+HCL solution, and siloxene prepared as described above. Figures 2.13 (a) and 2.14 
(a) show the PL spectra and infrared absorption spectra, respectively. Both spectra have 
ver-y similar' PL peak wavelengths and absorption peaks. They also claimed that the 
luminescent peak in siloxene can be changed by substituting H with other ligands at the 
silicon ring and that this phenomenon is similar to porous silicon whose luminescent peak 
can be changed by pure chemical treatment after etching [38]. They concluded that the 
origin of the luminescence from porous silicon is from siloxene which has a wider band 
gap than bulk silicon.
In 1993, Stutzmann et al [33] of the Max-Planck Institute in Stuttgart (the same Institute as 
Brandt) presented an invited review paper to EMRS '92. This time, they used Wohler type 
siloxene [39]. Figure 2.15 shows the idealized structmes of stoichiometric cr'ystalline 
siloxene (left side) and the annealed siloxene (right side) determined by X-ray analysis and 
quantitative chemical analysis. The black dots represent hydrogen atoms and the small and 
big grey spheres represent Ca and Si, respectively. The ideal arrangement for 
stoichiometric cr'ystalline "as-prepared" siloxene has a ring structure with one side of the 
silicon layer being terminated by hydrogen and the other terminated by OH radicals. The 
overall stoichiometry is SigOsHg. Two passivated layers are stacked on each other to form 
three-dimensional siloxene crystal. From X-ray obser'vations, the distance between Si and 
Si bonding within the layers is preserved but the layer-to-layer distance is approximately
6.2 Â which is much greater than in cr'ystalline silicon. When as-prepared siloxene is
22
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H
O
Figure 2.12 Structural models for siloxene (Si^OjH^) (a) monolayers formed by hexagonal silicon rings interconnected by oxygen bridges. Silicon is terminated by hydrogen; (b) monolayers formed by linear Si chains 
interconnected by oxygen and terminated by hydrogen; (c) silicon monolayers with alternating CH and H bond terminators [32].
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I
Figure 2.15 Top and side view of atomic stmcture of as prepared (left side) and annealed siloxene (right side) [33].
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heated, this double structure is destioyed by the insertion of oxygen atoms into Si rings as 
shown in Figure 2.15 (right).
Theoretical investigations mentioned in [40,41] indicate that as-prepared siloxene, with a 
two-dimensional aiTangement of silicon atoms, should have a direct band gap of the order 
of 1.5 to 2.7 eV where the uncertainty in the value is dependent on the calculation method 
[40,41]. As-prepared siloxene exhibits PL at a peak of around 500 nm (2.5 eV) and 
siloxene annealed at 4(X)°C has a peak wavelength of 730 nm (1.7 eV) which is the 
wavelength for the visible emission widely observed from porous silicon as mentioned in 
section 2.2.1. They conclude that the annealed siloxene structure has a wider radiative 
band gap which can emit visible light and this is the relevant origin of the luminescence.
Although both Brandt and Stutzmann tried to establish a definite model for the PL emission 
from porous sihcon based on siloxene, this approach has almost been ruled out by the 
thermal oxidation experiment carried out by Petrova-Koch et al [42] at the Technical 
University of Munich who employed a rapid thermal oxidation (RTO) technique. With 
RTO, they tried to replace the hydride coverage of the surface of the Si nanocrystals of the 
porous silicon with a high-quality oxide whilst retaining the nanocrystallite structure.
Figure 2.16 shows the photoluminescent peak position and peak PL intensity as a function 
of oxidation temperature. In this Figure, curves A and B were taken from samples 
fabricated from p-type substrates whose resistivity was 1-2 Qcm and curve C was taken 
from a sample fabricated from the p-type substrate whose resistivity was 0.07 Qcm. By 
increasing the temperatrue, PL spectra were first quenched at 600°C and then the original 
intensity was recovered at a temperature of about 700°C. As for the samples, B and C, the 
recovered intensities were significantly greater than the original intensities. Figure 2.17 
shows the PL spectra from as-prepared porous silicon and porous silicon processed by 
RTO at 900°C. Although the hydrogen on the surface of the porous silicon had been
26
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Figure 2.16 PL peak position and peak PL intensity as a function of oxidation temperature [42].
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Figure 2.17 PL spectra of the as prepared and oxidized porous silicon at 900°C [42].
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substituted by oxygen, the PL peak wavelength stayed almost in the same position and the 
intensity increased.
Petrova-Koch et al [42] concluded that the siloxene model could be mled out because the 
electronic structure of compound materials like siloxene are sensitive to the terminating 
bonding which will change the PL peak wavelength if the passivated stmcture is changed as 
Brandt and Stutzman mentioned above [32,33].
Although compounds and related materials can explain some of the optical results such as 
PL wavelength, it cannot explain the insensitivity in PL by modifying the passivated 
stmcture, therefore it is assumed that this concept is not likely to be considered.
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2.2.3 Surface states
A further mechanism based on the presence of surface states at the interface between the Si 
nanocrystal and the matrix SiO  ^is also capable of generating visible emission from porous 
silicon. In 1993, Matsumoto et al [43] of Nippon Steel Corporation investigated the 
ultrafast decay dynamics of luminescent porous silicon using a spectroscopic technique 
with a picosecond response time in order to determine the lifetime of the luminescence. 
They fabricated several porous silicon samples/wafers using different anodization times. 
The photoluminescence was measured using Ar-ion laser excitation (A, = 457.9 nm) at room 
temperature. The peak intensity of the PL from the sample anodized for 1 minute was the 
strongest and the sample which was anodized for 5 minutes exhibited luminescence which 
was ten times weaker than that from the 1 minute anodization sample. TEM analysis was 
used to examine the structure of the fabricated porous silicon, however, it did not show any 
signifcant change in the microcrystal size with anodization time. The picosecond 
luminescence decay measurements were performed. Also Matsumoto et al employed FTIR 
measurement in order to obtain the silicon hydride ratio Si/OH.
Figure 2.18 shows the peak PL wavelength, silicon hydride ratio, and picosecond decay as 
a function of anodization time. This indicates that with increasing anodization time, the 
decay becomes faster, with the silicon hydride ratio increasing, and the PL pealc wavelength 
shifts to shorter wavelengths. Increasing the silicon hydride ratio leads to more hydrogen 
passivation on the surface. Hydrogen termination on the surface may be the cause of a 
reduction of the nomadiatrve recombination pathways associated with the surface states and 
the structually relaxed Si surface [44]. The increase of hydrogen termination on the surface 
increases the band gap [45]. Therefore these experimental results are consistent with this 
fact. However, the PL peak wavelength appears to be tending towards saturation at 
wavelengths >550 mn which is not consistent with quantum theory discussed in Section 
2 .2 .1 , as it is known that longer anodization time results in smaller nricrocrystaUites in the 
porous silicon [17]. Therefore the authors assumed both the mrcrocrystalline core states
29
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Table 2.18 The peak PL wavelength, silicon hydride ratio and picosecond decay as a 
function of anodization time [43].
and surface states exist in porous silicon. In other words, there are two mechanisms 
leading to excited states, one due to the microcrystalline core state (quantum confinement 
states) and the other due to the surface states associated with the Si/SiO^ interfacial region. 
Surface treatment by hydrogen influences the transfer rate between these two states and 
changes the origin of the luminescence from the surface states to transitions between the 
quantum confinement states.
Figure 2.19 shows the luminescent model proposed by Matsumoto et al. IM> are the 
microcrystalline core states, IS> are the surface states, and IG> is the ground state, a
denotes the recombination route from microcrystalline core states to the ground state, and 7
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Figure 2.19 Luminescent model proposed by Matsumoto [43].
indicates the recombination route from the surface states to ground state, p indicates the 
transition between microciystalline core states and surface states. If P » a  the surface 
hydrogen concentration is low, then strong luminescent transition will occur (y). If a » P ,  
in which case the surface hydrogen concentration is high, namely the surface states are less 
numerous, the transition a  is dominant and weak luminescence results. The authors claim 
that the strong luminescent surface states exhibit a molecular like character [46] whereas a 
Si microcrystal core exhibit solid like characteristics.
In 1993, Kanemitsu et al [47] of University of Tsukuba, studied free standing porous 
silicon films using Raman spectroscopy and TEM analysis. They prepared several porous 
silicon samples, as described in the literature [48,49], which had different anodization 
times. They observed silicon crystallite spheres using TEM and found they had a range of 
diameters from 2 to 3 nm nanometers. They confirmed the size indirectly using Raman 
spectroscopy. They calculated the average diameter of silicon crystallite spheres (L) using a 
spatial correlation model [50,51]. Figure 2.20 shows the calculated diameter of the 
measured porous silicon. At the same time they carried out optical absorption experiments 
and found that the blue shift of the optical absorption spectrum occurred with a decease in 
the average diameter of the silicon crystallites over a longer anodization. Figure 2.21
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shows the photoluminescence (PL) spectra recorded from the different porous silicon films 
which contained crystallites
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Figure 2.20 Calculated and measured diameter using Raman spectroscopy and TEM analysis [47].
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Figure 2.21 Optical absorption and PL spectra of porous silicon; (a) L ~ 2 nm, (b) L 3.5 nm, and (c) L ~ 9 nm [47].
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with different average diameters. The data shows that there is a very weak relationship 
between the peak PL wavelength and average crystallite diameter, L, however the 
absoiption spectia is found to be sensitive to the average crystallite diameter. They 
measured the temperature dependence of these samples and found that the PL intensity 
increases with increases in temperature from 4 K up to 100 K and then decreases gradually 
upon a further increase of temperature.
From these three experimental results, Kanemitsu et al [47] proposed a model in which the 
photogeneration of the caniers occurs in the crystalline silicon core, whose band gap is 
modified by a quantum confinement effect, whereas the radiative recombination occms in 
the silicon/SiOj interfacial region. They considered that the radiative recombination 
efficiency in the silicon core is very low, because the electronic properties of crystalline 
silicon cores with diameters more than several nanometers will have a bulk silicon like 
indirect-gap nature [52] whilst the optical transition strength is small due to the indhect gap. 
In this model, the authors claim the PL efficiency in the near* surface region increases with a 
decrease in the crystallite size, because both the surface-to-volume ratio and the carrier 
transfer rate from the core to the surface increase with a decrease in the size of crystallite 
[53].
Kanemitsu also proposed a thr*ee region luminescent model for oxidized porous silicon in a 
later paper [54]. Figure 2.22 shows his proposed energy gap diagram, where Dcore is the 
average diameter of the crystalline core in the oxidized nanocrystallites. According to his 
model, the direct-allowed transition energies of the interfacial Si layers are about 1.6 
eV, which is responsible for the PL peak wavelength of the porous silicon. The transfer 
energy, Ecore^ ^^ » increases with decreasing core diameter because of the geometric 
confinement. In silicon nanocrystallites with dcore<5-7 nm, the photogenerated exciton is 
confined in the interfacial region (c) surxounding the crystalline core (a) where the whole is 
surrounded by the surface oxide layer (b).
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Figure 2.22 Three region model proposed by Kanemitsu [54].
In 1993, Koch et al [55] of Technical University of Munich, carried out several 
experiments and concluded that the luminescence from porous silicon may originate from 
surface states. In particular, they measured the photoluminescence spectra from as-etched 
and UV-degraded porous silicon shown in Figure 2.23, where they assumed that UV- 
degradation changes only surface states. From the absorption data the authors conclude 
that the different absorption characteristics indicate that some absorption states were 
introduced during exposure to UV radiation. Further as the temperature is not changed 
during UV irradiation, they assume that the nanocrystallite size has not changed. However, 
from the PL spectra a clear change of peak PL wavelength, from 1.72 eV for as-etched 
sample to 1.61 eV for UV-degraded sample, has occurred. Figure 2.24 shows the model 
proposed by Koch et al [55]. Once the electron and hole are excited, there are three basic 
types of radiative process characterized by energies Eq, Ei, and E2 , where Eg is the direct 
recombination described in the earlier papers [56,57], Ei is the process where only one
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Figure 2.23 PL spectra measured from as etched and UV-degraded porous silicon [55].
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Figure 2.24 Luminescent model proposed by Koch et al [55]. The partner of the 
germinated pair is trapped, and E2 is the process where both an electron and 
hole are involved.
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pai’tner of the germinated pair is trapped, and is the process where both an electron and 
hole are involved.
The authors also find that the calculated band gap, where the widening is due to the size 
effect, is much wider than the value derived from the measmed photoluminescence peak 
wavelength from this sample and that this is further evidence for their surface state model. 
With regard to the reason why the PL peak wave length is independent of the 
nanocrystallite size, they suggest that there is a size dependence only on type E q transitions. 
Due to the large number of different sizes of nanociystallites in porous silicon and due to 
the physical complexity of the surface structure, they conclude that one cannot say which 
type of process is responsible for the luminescence.
In 1995, Duan et al [58] of Peking University proposed a model to explain the two-band 
stmcture of the observed photoluminescence (PL) from porous silicon. They measured the 
PL spectra fi'om porous silicon by changing the excitation wavelength from 260 nm to 460 
nm. They observed a two band stmcture in the PL spectra, especially within the 260 to 320 
nm range. They identified the peak PL wavelength by introducing two Gaussian functions 
centred on each peak wavelength and suggested that if the origin of the luminescence is due 
to confinement (size effect only), one cannot model a bimodal distribution. To overcome 
this problem, they proposed a new model for the Si/SiOa stmctures which could give rise 
to a bimodal emission. Figure 2.25 shows a schematic of then* model. The middle part in 
the schematic represents a Si nanocrystalhte and the top and bottom solid hne indicate the 
Lowest Unoccupied Molecular Orbit (LUMO) and the Highest Occupied Molecular* Orbit 
(HOMO), respectively. The value of 1.12 eV indicates the band gap of bulk Si. Regions 
labelled A and B represent the surrounded SiOx layer where luminescent centres, Al to A2 
and B1 to B2, are located. It is noted that this model is very similar* to the model of Koch 
et al [55] described above.
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Surface state models seem to explain the majority of the experimental phenomena obtained 
from porous silicon research. In particular, these can be applied to explain why the 
luminescent wavelength is only exhibiting from 1.4 eV to 2.4 eV.
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Figure 2.25 Luminescent model proposed by Duan et al [58].
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2.2.4 Summary
Three possible origins of visible light emission from porous silicon, which is a material 
with some similarities to the nanostructures under investigation in this project, have been 
described.
There aie a great number of papers relating to quantum confinement. Some theoretical 
calculations describe the relationship between crystallite size and PL wavelength, however, 
with regard to experimental results these aie limited to 2.2 nm - 3.0 nm shown in Figures
2.5 and 2.8. Although a number of groups have tiled to deteimine the size and shape of 
nanociystalline silicon, there is no consensus and the subject is a matter of controversy. 
Although we cannot exclude this mechanism from the origin of light emission, it would 
seem it is not the main origin of luminescence.
With regard to the models based on compounds, related investigations do not explain the 
experimental observations that one can change the PL wavelength by replacing the 
teiminating atoms. Therefore, it seems that there is less credibility to this model which, 
now, has been almost ruled out by the results from Petrova-Koch et al. However, except 
for this teimination problem, compounds still appear to be a good candidate for light 
emission material.
Lastly, surface state models are fahiy recent and a number of experiments have been cairied 
out leading to comprehensive models for visible light emission. The most probable 
mechanism for light emission is a two stage process where canier excitation occurs in the 
confined structure of the ciystallite core whilst recombination of these excess carriers is via 
levels associated with Si/SiO^ surface states. This model is rather attractive but there is still 
a need to clarify the detailed description of the surface states and the condition of the 
surface.
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The author concludes that the surface state model is the most probable. In order to test this 
hypothesis, one has to establish a method of identifying the properties of surface states and 
a means of characterizing the surface of the nanocrystals.
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2.3 Visible luminescence from nanostmctures formed in SiO. by ion implantation
Whilst porous silicon has been the main material used to investigate visible light emission 
from silicon nanostructures, several researchers have used CVD [59,60] or ion beam 
synthesis [61-68] to create silicon nanostnictures which give rise to visible emission from 
silicon because it involves dry processing which can be well controlled. An early example 
of electroluminescence from CVD nonstoichiometric oxides containing excess silicon in the 
form of tiny Si precipitates in a SiO  ^matrix was reported in 1984 by DiMaria et al [59]. The 
purpose of this work was to investigate the properties of Si-rich SiO^ which might 
influence the properties of MOS devices. In order to do so, the light emission from a MOS 
structure was studied using electroluminescence. These workers observed weak 
luminescence in the range from 1.5 eV to 5 eV which could not be simply attributed to 
optical interference phenomena. They speculated that the emission is due to the transition 
between discrete energy levels associated with the Si island and/or their interfaces with the 
SiOg matrix. They proposed quantum size effects as the most probable mechanism giving 
rise to the emission.
In this Section, we will review ion bean synthesis technologies, however, structures 
formed by CVD are not explicitly discussed further in this thesis.
In 1993, Simizu-Iwayama et al [61] first demonstrated visible light emission from silicon 
nanostructiues formed by the heat treatment of a SF implanted SiOg matrix. They used 
silica glass as a substr ate and implanted SF to a dose in the range 1 x 10*^  SF cm'^ to 4 x 
10^  ^S r  cm'  ^with an energy of 1 MeV. Subsequently they carried out the heat treatment of 
the sample in a vacuum furnace at a temperature of 1100°C for 30 to 960 minutes. From 
the as implanted saruples, they observed visible photoluminescence at a peak wavelength of 
620 nm (2 eV). After annealing they observed a PL emission at a peak wavelength of 730 
nm (1.7 eV). Figure 2.26 shows the PL spectra recorded from silica samples implanted
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with doses of (a) 4 x 10*^  cm'^, (b) 2 x and (c) 1 x lO'^cm'^ and annealed at
1100°C for 60 minutes.
o
o
PHOTON ENERGY (eV )
Figure 2.26 PL spectra recorded from silica samples implanted with doses of (a) 4 x 10‘^  cm'^, (b) 2 X 10'  ^cm' ,^ and (c) 1 x 10*^  cm'  ^ and annealed at 1100°C for 60 minutes [61].
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Figure 2.27 PL spectra recorded from Ge and Si samples implanted with doses from 1 x 10'  ^cm'  ^to 5 X 10'^  cm'  ^ annealed at 700°C for 40 minutes[62].
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They athibuted the 2 eV emission to E ' centres created during implantation, whereas the 
1.7 eV emission was attiibuted to defect sites associated with the interface between 
crystalline silicon and SiO .^
In 1994, Atwater et al [62] reported visible emission from both silicon and germanium 
inclusions in SiOg. They implanted doses of 1 x 10*^  cm'  ^ to 5 x 10*^  cm'  ^ silicon and
germanium ions into a 0.1 |L im  thick layer of SiO  ^ on a <100> silicon substrate. The
implanted samples were subsequently annealed at temperatures from 400°C to 1000°C for 3 
or 40 minutes in a vacuum furnace. Figure 2.27 shows the PL spectra recorded from 
samples mentioned above. Atwater et al observed visible photoluminescence from both 
silicon and germanium implanted samples annealed at 700°C for 40 minutes. In the case of 
silicon implanted samples, the peak wavelength was at 570 nm (2.18 eV) for samples with 
doses of 1 X  10^  ^cm'  ^to 2 x 10^ ® cm'  ^and at 640 nm (1.94 eV) for a sample with a dose of 
5 X 10^  ^cm' .^ In the case of germanium implanted samples, the peak wavelengths were 550 
nm (2.25 eV) for samples with doses of 1 x 10^  ^cm'  ^to 2 x 10^  ^cm‘^ , and at 560 nm (2.21 
eV) for the sample with a dose of 5x IC^ * cm' .^ They also carried out Raman spectroscopy 
and high resolution TEM and concluded that the emission was associated with cubic 
nanocrystals approximately 2-5 nm in diameter. They considered several possible 
mechanisms including radiative recombination of quantum confined excitons and 
luminescence from locahzed states related to structural defects in the SiO  ^matrix.
Following Atwater’s publication, Shimizu-Iwayama et al [63] (1994) also carried out a 
similar- experiment using a SiO  ^film. They used a 1.75 [im thick film of SiO  ^grown on a
<100> silicon substrate and implanted with silicon ions at an energy of 1 MeV with doses 
from 1 X  10^  ^ to 4 X  10^  ^ SFcm*^. After implantation the samples were heat treated in a 
vacuum furnace at temperatures of 300 to 11(K)°C for 30 to 90 minutes. They observed 
bimodal PL spectra at peak wavelengths of 590 nm (2.1 eV) and 670 nm (1.85 eV) as 
shown in Figure 2.28. They attributed this bimodal phenomenon to optical interference
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between directly emitted light and emitted light reflected at the interface of the silicon 
substrate.
In 1995, Yang et al [64] reported a correlation between the precipitate size and 
photoluminescence for gemianium nanocrystals in a SiO  ^ matrix. They implanted 
germanium ions into thermally grown SiO  ^to a dose of 2  x 1 0 ’^  Ge  ^cm'^ with an energy of 
70 keV, and subsequently annealed at temperatures from 600°C to 1200°C for 40 minutes. 
They did not describe the annealing condition. They observed by TEM the growth of the 
germanium precipitates in the SiOj matrix with increasing annealing temperature and found 
that the average size of the precipitates increased monotonically with annealing temperature.
D
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Figure 2.28 PL spectra recorded from samples implanted at an energy of 1 MeV with doses of (a) 1 x 10^  ^ SPcm'^. (b) 2 x 1 0 ?^ SPcm'^. (c) 4 x 10*^  SP cm'  ^[63].
However, they did not find a monotonie relationship between the size of the precipitates 
and peak wavelength. Moreover only samples annealed at 1000°C exhibited a strong 
luminescence with a peak wavelength of 700 nm. They concluded that the origin of the 
luminescence was associated with defects within the nanocrystals and that an interaction 
between nanocrystals might be responsible for the non-monotonic dependence of 
luminescence wavelength on nanocrystal size.
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In 1996, Fischer et al [65] reported that an anneal in fonning gas has a beneficial effect on 
the photoluminescence from silicon nanocrystals in SiOj. They used a 0.1 (0,m thick film of
SiO  ^as a target and implanted silicon ions at an energy of 50 keV with doses of 1 x 10^ ,^ 2 
X 10^ ,^ and 5 x IC^ * cm'^. Samples were annealed at 900*^ 0 for 3 minutes in forming gas, 
whose composition was not stated. Subsequently, the samples were annealed at 400°C for 
44 hours in order to annihilate any remaining defects. The PL emission was excited by
302.5 nm emission from a UV laser. They observed visible PL with a pealc wavelength of 
565 nm at room temperature from a sample which was implanted with a dose of 5 x 10‘® 
STcm'^ and annealed at 900°C for 3 minutes in foiming gas. After a subsequent anneal at 
400°C for 44 hours they observed a higher intensity with the peak shifted to 540 nm. 
Using TEM they obseiwed faceted precipitates with a diameter of about 2 nm with exposed 
<111> planes after annealing at 1000°C for 40 minutes. They concluded that a size effect is 
responsible for the observed PL but found no dhect relationship between precipitate size 
and PL wavelength.
Other papers report visible luminescence at about 700 nm (-1.8 eV) from SF implanted 
SiOg [66,67,68], however, no clear models of the origin of the luminescence have been 
discussed other than in the papers reported in Section 2.2. It was shown in these papers 
that visible luminescence from silicon nanociystals formed by ion implantation can be 
achieved within the wavelength range 560 (2.2 eV)- 700 nm (-1.8 eV). Although the 
authors failed to propose a definite model for the luminescence, the possible origin of the 
luminescence seems to be related to the size of the precipitates or due to defects at the 
interface between the silicon nanociystals and SiO .^
The author first published the results of his experiments in 1995 [91] followed by a series 
of publications [see List of Publications] which led to the foimulation of a model to 
describe the origin of the visible PL emission, which is reported for the first time in this 
thesis (Section 6 .8 ).
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CHAPTER 3
PHYSICS OF ION IMPLANTATION AND FORMATION OF NEW
PHASES
3.1 Introduction
In this project ion implantation was used as the enabling technology to synthesize silicon 
nanostmctures. The benefits of using ion implantation are good control of the aieal density 
and spatial distributions of the silicon atoms. Moreover, as ion implantation is a vacuum, 
dry process one can expect contamination to be kept to a minimum level. There aie other 
vacuum and dry processes, such as CVD, but it is more difficult for these techniques to 
conti'ol the above factors because they aie based on chemical reactions between flowing 
gases (vapours) and solid surfaces.
In this chapter, the physics of fast atomic collisions will be summarized. Subsequently, the 
process of the second phase formation in a supersaturated solid solution will be discussed.
3.2 Ion implantation
3.2.1 General
The basic physical processes that contiol the penetiation of fast ions into a target were 
presented by Bohr in 1913 [69] and 1915 [70] with regai'd to the range of penetrating 
particles as well as investigations into radiation damage in solids, as did Rutherford, whose 
paper in 1911 [71], included the results of his important experiments. Theories put 
forward by several people, including Lindhard, Robertson and Brice, include energy loss 
during the passage of an ion in a solid and the distribution of radiation damage caused by
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nuclear and electi'onic collisions during mediation as well as range distributions of the 
implanted ions. These concepts are summaiized in the following Sections.
3.2.2 Basic concept of energy loss of high velocity ions in a solid
When ions with high energies penetrate a solid, they lose their* energy through scattering 
events with the atoms and electrons, which make up the solid. There are two distinctive 
and dominant mechanisms for energy loss and these are shown schematically in Figures
3.1 (a) and (b); namely, (a) nuclear* collisions - elastic collistions with nuclei, whereby 
kinetic energy is transferred to the nuclei. This implies large energy losses and significant 
angular deflection of the trajector*y of the ion and is responsible for* the production of lattice 
disorder by the displacement of atoms from their lattice position, and (b) electronic 
collisions - inelastic collisions with bound electrons as the stopping medium during which 
energy is transferred to the electrons. This process involves much smaller energy losses 
with small scattering angles. There are additional mechanisms, such as nuclear reactions 
[72] which cause loss of energy but these ar e not relevant to the cunent discussions as the 
energy losses are small.
The total energy loss rate of the ions dE/dx can be expressed as:
dE dE 
dx dx
dE + —  dx (3.1)
where the subscripts n and e denote nuclear* and electronic collisions, respectively. Nuclear* 
collisions can involve large discrete energy losses because they are an elastic, two body 
collisions. This process is mainly responsible for* the production of lattice defects in 
crystalline targets. Electronic collisions in the solids involve much smaller energy loss per* 
collision because the mass of the target electron is negligible as compared with that of the 
atom. Thus, usually negligible deflection of the ion trajector*y occurs. Figure 3.2 shows
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the rate of energy loss dE/dx vs (energy)^^ ,^ which shows the nucleai* and electronic 
components of the total energy loss. As indicated, relative importance of the two processes 
depends on the velocity of the ion as defined by the kinetic energy. Nuclear component 
collision increases with an increase in the energy but there is a maximum in dE/dx at (EJ 
after which energy loss starts decreasing as the energy increases. In the case of electronic 
components, the change is proportional to the energy. Typical values from the literature are 
given in Table 3.1 for the energy E, and for the energy Ej where dE/dxl„ = dE/dxl .^
Ion
e~
(a) Nuclear* collision
Ion
e-
(b) Electronic Collision
Figure 3.1 Schematic of an ion incident on a crystal lattice
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Figure 3.2 Rate of energy loss dE/dx vs (energy) 1/2, showing nucleai* and electronic loss contributions [73].
Table 3.1 Characteristic energies Ej and E  ^(keV) correspond to the maximum in dE/dxl  ^and dE/dxl„ = dE/dxl  ^in Figure 3.2. [73]
Ion E,(Si) Ej(GaAs) E2(GaAs)
B 3 7 17 13
P 17 29 140 140
AS 73 103 800 800
SB 180 230 2 0 0 0 2 0 0 0
BI 530 600 6000 6000
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3.2.3 Basic phvsics of fast ion-atom collisions
Suppose there are two atoms which have masses of M, and M .^ When M, has a velocity of 
V and as a result of scattering from M ,^ an energy exchange occurs between these two 
atoms.
The amount of energy T transferred to the lattice atom can be determined by taking the 
kinetics of a collision between an energetic ion and a stationary target atom into account. 
Assuming the simple system shown in Figure 3.3 [73], one can express the following 
equations as a statement of the conservation of energy and a conservation of momentum in 
directions parallel and perpendicular to the axis of the symmetry before the collision:
Target atom
Scattered ion
E2
Recoiled atom
Figure 3.3 Image for a collision between an incident ion of mass M, and a target atom of mass Mo.
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-M^v^ = (3.2)
2  2  Z
MjV = M iVi COS0+M2V2COS0 (3 .3 )
0  = M iV iS in 0 -M 2 V 2 s in 0  (3 .4 )
where M, and M2 are the masses of incident and target atoms, v is the initial velocity of M,, 
V, is the velocity of Mj after collision, V2 is the velocity of M2 after collision, 6  is the 
scattering angle of Mj and (j) is the recoil angle of M2.
From these equations the energy Ej of the recoiling target atom is:
the energy T transferred in the collision equals E2 and the maximum energy transfer T„ 
occurs for a head-on collision when (|) = 0 ,
3.2.4 Implantation damage
As an ion passes through a solid, the ion loses kinetic energy as described in Section 3.2.2, 
and with decreasing velocity, the more nuclear collisions occur” as the scattering cross
section increases. The scattering cross section a  is expressed in the Rutherford formula 
[74] which is:
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a
where and aie the projectile and target atom numbers, E is the projectile energy before 
scattering, and aie the mass of projectile and target atoms, 0  is the scattering angle, 
and e is the charge of electron.
If the energy carried by the recoiling atom is more than a multiple of the bonding energy, 
the displacement of the atoms of the lattice occurs. This energy (EJ is called the 
displacement energy and has been determined experimentally [72], E  ^ is the minimum 
energy for the permanent displacement of atoms from their lattice sites. For example, in the 
case of silicon E  ^= 14 eV [72,73]. The displaced atom can displace another lattice atoms 
when the transferred energy is over 2  E  ^and this energy is transferred completely to the 
neighbouring atoms. Thus the ion collision leads to several phenomena such as the creation 
of vacancies, where lattice atoms are missing, and interstitial atoms, where atoms sit 
between lattices sites. An interstitial and vacancy are called the Frenkel defect. During ion 
implantation, each ion produces a region of disorder around the ion’s passage. As the 
implantation proceeds, the amount of disorder builds up until aU the atoms have been 
displaced and, thus, an amorphous layer is produced [75-77].
3.2.5 lon-range distributions
When an energetic ion penetrates a solid it undergoes a series of collisions and comes to 
rest at a certain depth beneath the surface. This is called the ion range. Figure 3.4 shows a 
schematic of the trajectory of a typical ion where the total range (R) and projected range 
(Rp), which is the projection of R normal to the surface, are defined. Due to the random 
nature of the scattering process. The distribution of ion range distributions can be defined 
statistically by the following equations:
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Ion
surface of tar get
Figure 3.4 Schematic of the ion penetration depth Rp and a total path length R for a single ion.
R =  fJi
1
dE! dx-dE (3.7)
Where Eo is the incident energy of the ion as it enters the semiconductor, the sign dE/dx is 
negative, as it represents the energy loss per increment of path. According to Gibbons et al 
[78], in an amorphous target, the mean projected range distribution can be assumed 
theoretically as Gaussian and, as a first approximation, one can describe the projected 
distribution range N(x) to be a one dimensional Gaussian char acterized by moments for the
distribution, namely, a mean projected range ( R p )  and a standard deviation (ARp ) from 
the mean:
N (x ) = exp 1 ( x - R p ^ 2
2
(3.8)
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For a Gaussian distribution, the full width (AXp) at half-maximum (FWHM) is given by:
AXp = 2(21w2)"Mp = 2.35ARp (3.9)
and the integral by
f^N(^x)dx = ÇljiyARp (3.10)
In ion implantation the dose Q (areal density), is tightly controlled and using the relations in 
equations 3.8 and 3.10, the concentration depth distribution Nj(x) in atoms/cm^ is given by:
Nj(x) = ---- ^ -----exp ^ x - R p ^ y ARp J (3.11)(iTuyARp
3.3 Formation of silicon precipitate in SiO.
In a binary mixture, where the concentration of component A is above the solid solubihty 
level in component B, the system tends to move from a disordered state into a two phase 
equilibrium state by the precipitation of A. This process starts from nucléation of 
precipitates and precipitates growth which leads to second phase precipitation. Figure 3.5 
shows a schematic model of precipitate growth as proposed by ManÜ [79]. As time goes 
on, materials diffuse through the matrix and the average radius of the precipitates grows by 
condensation from small evaporating precipitates while their number decreases. This 
phenomenon is called Ostwald ripening [80-82].
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growth dissolution
ri n
oo
Figure 3.5 Schematic of solute concentration around precipitates [79].
The classic theory of Ostwald ripening was developed by Lifshits and Slyozov [6 8 ] and 
Wagner (LSW) [82]. According to LSW, the flow of material between precipitates can be 
determined by the diffusion equation for the concentration in the steady-state limit, subject 
to the Gibbs-Thomson boundary condition at the surface of a precipitate of radius R [83].
V^C(r) = O
(3.12)
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where is the solute concentration at a flat surface, is the solute concentration at the
surface of the precipitate of radius r, C is the mean concentation of the bulk, and v is the 
capillary length which is deter*mined as [83]
v=2yVmC7(RgT) (3.13)
where y is the surface tension, Vm is the molar volume, Rg is the gas constant, and T is the 
temperature [84].
Where D is the diffusion constant, the LSW theory determined the growth rate of the 
average precipitate radius R(t) is
= J (3.14)
Although there is no general theory regarding the formation of silicon precipitates in a SiO  ^
matrix, one can employ the knowledge which has been gained from bulk silicon studies and 
also SOI/SIMOX research [85-88]. In the case of SIMOX, the concentration of oxygen in 
silicon exceeds the solid solubility and the system moves to reduce energy and SiO  ^ is 
formed. Similarly, if the SiO  ^ is supersaturated with silicon, one can expect that the 
precipitation will take place to form a two phase structure. One can assume that the system 
passes thr ough three stages with increasing dose of silicon, these being ( 1) supersaturation 
of the implanted SiOj matrix, (2 ) nucléation and growth of silicon clusters, and (3 ) start of 
swelling as the lattice accommodates the new phase [89].
During research into SIMOX, it was discovered that there are silicon inclusions in the 
buried oxide layer, especially near the substrate Si/SiOj interface[90]. It is assumed that
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during the high dose oxygen implantation, swelling occurs resulting in an insufficient 
supply of oxygen at the interface which leads to silicon entrapment and growth of silicon 
precipitates (inclusions) in the buried SiO  ^ layer during subsequent annealing. These 
inclusions are created near the substrate Si/SiO^ interface because the crystal elastic energy 
associated with stress generated by SiO^ exceeds the formation energy of the silicon 
interstitials [91]. So, the internal oxidation of silicon, by the implantation of O ,^ ions leads 
to the formation of a buried oxide, which may contain Si inclusions, according to the 
following chemical reaction [92]:
(r + 1) Si + O2 -> SiOg + rSi (3.15)
where r = 1.25 [92]. For SIMOX, excess oxygen is added to silicon and the system moves 
from oxygen in Si to SiO  ^in Si. It is a natural assumption that excess silicon added to SiO  ^
will thermally diffuse leading to a two phase (Si and SiO^) structur*e.
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CHAPTER 4
EXPERIMENTAL DETAILS
4.1 Introduction
In this chapter, the experimental procedures are described in detail. Sample prepar ation will 
be described in Section 4.2, ion implantation will be presented in Section 4.3, anneal 
treatment will be in Section 4.4, whilst analyses techniques will be described in Section
4.5.
4.2 Sample preparation
The wafers used in this project were mainly 3 inch silicon substrates, p- and n-type <100>, 
2-3 Q  cm. The wafers were cleaned before oxidation in a solution of H^SO^ at a 
temperature of 150°C, rinsed with ultra pirr e water and dried thoroughly and then were wet 
oxidized in order to grow a 0.5 jlm or 1 fim SiO  ^film on the sirrface of the substrate. The 
thickness of the SiO  ^was measur ed on each wafer by a Nanospec M210SP-FSC, which is 
a non-destructive, non-contacting optical measurement system and it was confirmed that the 
lateral non uniformity of thickness across the wafer was within ±5% . Wafer cleaning, 
oxidation, and measurement of thickness of grown SiOg were carried out by the Central 
Research Laboratory at Matsushita Electric Works, Ltd in Osaka, Japan.
Samples were prepared by SF ion implantation (see Section 4.3), after which the wafers 
were cleaved into small pieces, put in acetone in an ultrasonic bath in order to clean the 
surface, dried in gas and then put into separate sample boxes which was numbered 
uniquely prior to further experiments including anneals.
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For reference purposes, a commercial silica substrate of 5 cm x 5 cm squaie and 1 mm 
thick was also used, this was cleaned in the same manner prior to implantation.
A complete list of wafers is included in Table 4.1.
4.3 SF ion implantation
4.3.1 Description of the implanter
Ion implantation was cairied out using the 500 keV heavy ion implanter at the University of 
Surrey. The implanter is a conventional machine, having a single acceleration stage after 
ion extraction from the ion source and before momentum analysis. Figure 4.1 shows a 
schematic of this machine [93]. The implanter has six major components which aie (1) ion 
soui'ce, (2) focusing element, (3) acceleration tube, (4) analyzing magnet, (5) electrostatic 
scan, and (6 ) taiget chamber. The silicon ions aie produced in the ion souice which is the 
‘Nielsen Hot Penning ion source [89]. Extracted ions are focused in the Ensel lens (2) and 
are accelerated in a lineaily graded electrostatic acceleration tube (3) after which the ions 
have the necessaiy energy for implantation. The analysing magnet selects ions with the 
same momentum. After analysis the beam is scanned electiostatically in the x and y 
directions at frequencies of 380 Hz and 61 Hz, respectively, over a maximum area of 2" x 
2" in size in order to achieve a uniform implantation dose. The ion beam is inti'oduced into 
the target chamber which contains a holder on which samples are mounted for implantation.
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Figure 4.1 Schematic of the 500 keV ion implanter [93].
4.3.2 Sample mounting and implantation process
Prepared 3 inch wafers were mounted on an aluminium plate on the sample holder, which 
acts as a heat sink, facing the beam direction but with the normal to the surface set at an 
angle of 7° to the direction of the ion beam. A silicon aperture was used to define the 
implant area which was smaller than the wafer’s diameter. In these experiments, the 
implanted area was approximately 5.5 cm^. Figure 4.2 shows a schematic of the 3 inch 
wafer and the implanted area.
The wafers were implanted with ®^SF ions to doses of between 3x10**^ cm‘^  and 6  x 10’' 
cm'  ^nominally at room temperature. The wafers were not intentionally heated during the
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implantation and due to the low power loading the maximum temperature excursion was 
estimated to be 50°C.
Figure 4.2 Schematic of the implanted region of a 3 " wafer.
The wafers were implanted with instantaneous beam currents in the range 5 to 20 |IA with a 
typical beam spot size of about 3 mm x 5 mm. Ion energies were within the range 50 keV 
to 400 keV. Energies were chosen in order that essentially all of the implanted ions stopped 
in the SiOj layer.
In order to estimate the penetration depth and concentration depth profile, computer 
simulations using TRIM [94] were employed. For 200 keV ^^SF ions, the mean projected
range {Rp) in SiOj is about 3000 Â with a half width (ARp) of about 100 Â according to
the simulation. It is probable that some of the implanted silicon atoms penetrate into the 
silicon substrate because of the tail of the distribution and it is expected that some damage in 
the silicon substrate will occur. However, the damage is assumed to be small due to the 
small number of ions penetrating to this depth and the absence of visible damage by TEM in
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most of the implanted samples (see Section 5.11). All the implantation conditions 
employed in this project are listed in Table 4.2.
Table 4.2: Ion implantation conditions employed in this project
P rocessnum ber Species Energy(keV) Dose(cm ’*)
I/I-l 2 0 0 3x10*®
m-2 28gF 2 0 0 6 x 1 0 *®
I/I-3 28SF 2 0 0 1 x 1 0 *^
VIA 28gF 2 0 0 2 x 1 0 *^
m-5 28sF 2 0 0 4x10*^
m-6 28gF 2 0 0 6 x 1 0 *^
m - i 28gF 400 2 x 1 0 *’
m -s ^SF 200+150 1 x 1 0 *’ each 
(Total 2x10*’)
I/I-9 "=SF 200+150 3x10*’ each (Total 6x10*’)
m -io 28gF 250+200+150 1 x 1 0 *’ each 
(Total 3x10*’)
m - n ""SF 400+200 1x 1 0 *’ each 
(Total 2x10*’)
I/I-12 28sF 400 - 150 
( 6  energies 50 
keV step)
5x10*® each (Total 3x10*’)
m-13 28gF 50 2 x 1 0 *®
1/1-14 SiF+ 336 2 x 1 0 *’
1/1-15 Ai'+ 300 6 x 1 0 *’
1/1-16 N / 2 0 0 5x10*®
I/I-17 N,+ 2 0 0 1 x 1 0 *®
m-18 No" 2 0 0 1 x 1 0 *’
1/1-19 N / 2 0 0 5x10*’
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4.3.3 Dosimetry
The ion dose was determined by integration of the measured beam current incident on the 
sample where the aiea was defined by the silicon apertuie in front of the wafer. If the ion 
cunent (I) is flowing thiough the sample, the total charge (Q) delivered during ion 
implantation is calculated by:
Q = \'ldtdo
where t is the implantation time.
If the implanted ion is a singly chaiged ion, then the charge of the ion is equivalent to the 
charge of an electron, q, so the number of ions (N) can be calculated using:
N = Q/q
We know the aiea of implantation (S), so the average dose (D), assuming lateral 
uniformity, can be obtained by:
D = N/S
Although the dose is determined as above, there is still the possibility of a discrepancy in 
the retained and nominal doses. The possible causes of that are as follows:
(1) Effect of secondary electrons (mainly from the target (SiO^) itself)
When the incident fast ions penetrate the target they will be scattered by the electrons 
associated with the target atoms and energy will be transferred to the electrons. Some of 
the more energetic elections will escape from the target and constitute a component of
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cuiTent. This extra cuiTent flow thi*ough the taiget is liable to cause a dosimetry error. In 
order to avoid this, there is an elechode for secondary election suppression in front of the 
target, which is biased negatively from the target to repel the secondary electrons. Figure
4.3 shows a schematic circuit of the suppression system. If the suppression voltage is 
connected between ground and the electrode, a tertiary election cuiTent may flow to the 
beam cunent meter thus a further dose error will occur. This cunent is suppressed by
Suppression electrode
Ion beam
Secondary 
electron
Target
Suppression electrode current meter for 
dose
Suppression valtage
Figure 4.3 Schematic circuit of suppression secondary electrons.
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applying the suppression voltage with respect to the input to the current meter (Figure 4.3). 
For this configuration the electrons push back the target and the current flows only within 
the suppression circuit, thus the beam current meter will indicate the actual ion beam current 
only, assuming 1 0 0 % suppression efficiency.
According to the implantations carried out by us, a suppression voltage of 250 V was 
employed on the recommendation of the Quality Control Group in the Department of 
Electrical Engineering, The Surrey Centre for Research in Ion Beam Apphcations.
(2) Sputtering during implantation
During implantation, the incident silicon ions bombard the surface atoms of the substrate 
leading to the loss of some of those atoms. This phenomenon is called sputtering. The 
implanted silicon atoms near the surface, will be sputtered away by this process, so the 
retained dose is lower that the nominal dose. However, the energy we normally employed
was high (> 150 keV), which has Rp > 2200 Â and ARp « 500 Â, and the number of
implanted silicon atoms near the surface is low, as described in Chapter 3b, so the sputtered 
loss is small. The typical value of the sputtering rate, calculated by TRIM, at 150 keV 
silicon implantation into SiO  ^is 1 .6  atoms/ion.
(3) Contamination of the ion beam
As naturally occurring silicon has three isotopes with the following abundances ®^Si 
(92.2%), ^^ Si (4.7%), and °^Si (3.1%), the silicon beam will have the same ratios of these 
isotopes.
Implanted ions were selected by the analysing magnet. Figure 4.4 shows the mass 
spectrum of the ion beam extracted from the Nielsen Hot Penning source. SiF^ gas was 
ionized in the ion sour ce and the total potential difference was 200 kV. The magnet current
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was changed from 0 A to 200 A in order to change the magnetic flux of the analysing 
magnet. The ion current was measured on a silicon dummy wafer. At 100, 102 and 104A, 
there are three peaks corresponding to silicon (28 amu, 29 amu and 30 amu). If there were 
other species also with the same mass (28 amu), these cannot be magnetically separated in
:j:l:L H-hj::
jJ.!. !
Figure 4.4 Recorded spectrum of momentum analysis showing various mass of ions at certain magnet current
66
Chapter 4 Experimental details
our system due to the limited resolving power of the instmment. For example, nitrogen 
molecule (Ng) and caiton monoxide (CO) also have a mass of 28 amu. These 
contaminants may originate from a gas leakage in the ion source. One could eventually 
avoid implanting these ions by employing ions (abundance 4.7%) but the more 
abundant *^Si^  ions (abundance 92.2%) are requhed to achieve a sufficiently high beam 
current and dose and, hence, a more reasonable implantation time.
In order to minimize this contamination, the implanter was caiefully maintained and 
checked for gas leakages by members of the staff in the D R Chick Laboratory to achieve 
conditions that minimized the contamination. Ion mass spectra were recorded every time 
before commencing implantation in order to confirm that the and beams
were in the ratio of the naturally occuning isotopes.
The procedure for checking for contamination was as follows:
i. A silicon wafer was set up in the sample holder.
ii. The magnet analyser was set up in order to analyse ions. The ion beam was
introduced on the silicon wafer and the beam current flowing through the wafer was 
measmed by a digital meter. This cunent value was Igg.
iii. The magnet analyser was set up in order to choose the ions. The ion beam 
was again introduced onto the wafer and the current was measmed as in (ii). This 
current was
iv. The magnet analyser was set in order to select the ions. The beam current was 
measured as well. This current was
V. The ratio of current (R^ g^) was calculated using the following equation:
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^ 1 2 8  ~  128^(^28’*'^29'^^3o)
one can calculate the discrepancy of ®^Si^  ions from these ratios. Table 4.3 shows the 
discrepancy ratio obtained using the above calculation.
Table 4.3 Discrepancy ratio of recent implantation
Implantationday Dose(cm%) Energy(keV) Discrepancy of " * s r(% )
20. 1.94 2 x 1 0 " 2 0 0 + 4.8
15. 9.95 2 x 1 0 " 2 0 0 + 5.5
22. 1.96 2 x 1 0 " 2 0 0 + 6.5
23. 2.96 2 x 1 0 " 400 + 11.5
15. 3.96 2 x 1 0 " 2 0 0 + 9.9
We conclude that between 5% and 12 % unwanted impurities may be included in the 
beam.
(4) Char ging error due to the substrate material
The implanted samples had a thermal oxide surface layer, which is a dielectric and has a 
high resistivity, thus, the charged particles (electrons or ions) take longer to leak away to 
the ground or the current integrator. This surface charging may cause discrepancies in the 
retained and nominal doses. Details will be discussed in Section 4.5.2.2.
4.4 Thermal treatment
Samples were heat treated at temperatures within the range 500°C and 1300°C for times 
ranging from 3 to 240 minutes. Various flowing gases were used including nitrogen (N^),
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forming gas (FG: 10% + 90% N^), oxygen (Oj), and argon (Ar), all of which were
BOC, standard grade, which is 99.98% pure and oxygen free. The furnace was a Process 
Product Corporation (PPC) halogen lamp rapid thermal annealing (RTA) system. The 
samples were held on a 4" silicon wafer plate which was supported by a quartz holder. 
The temperature was measured by thermocouples which were attached under the silicon 
wafer plate. These sample holders are covered by a large quartz case around which are 
situated eight halogen lamps. Flowing gas such as Ar*, FG or Og is introduced in the 
large quartz case before, during and after annealing at a rate of 5 1/min, Figure 4.5 shows a 
typical temperature - time profile where the indicated temperature was controlled within ± 
1% against the set temperature. As indicated, a staircase profile was used when a high 
temperature, over 1000°C, was required in order to avoid overshoot of temperature. The 
intervals (a), (b) and (c) were fixed at 1 minute. After the samples were annealed, they 
were allowed to cool naturally to less than 100°C before removal from the apparatus in 
order to avoid unnecessary oxidation or thermal stress. Cooling time was vai'ied because of 
the nature of the natural cooling with samples being cooled down by flowing ambient gas, 
although the period fr om maximum temperature (1300°C) to below 400°C (as indicated in 
(d). Figure 4.5) was within two minutes.
Selected samples were oxidized at 1000°C for times between 20 to 60 minutes in flowing (5 
1/min) dry oxygen (99.9995% purity) at atmospheric pressure. In this case, a resistive 
heated tube furnace was used.
Tables 4.4.1 and 4.4.2 show the typical annealing sehedules used in this project.
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Table 4.4.1 Annealing conditions employed in this project (single stage)
Processnumber Temperaturer c ) Time(min) Ambientgas
A-1 1300 15 N,
A-2 1300 30 N,
A-3 1300 60 N,
A-4 1300 90 N,
A-5 1300 1 2 0 N,
A- 6 1300 360 N,
A-7 1300 30 Forming Gas 
(90% N, + 10% H,
A- 8 1300 30 Ar
A-9 900 30 N,
A-10 900 1 2 0 N,
A-11 1 1 0 0 30 N,
A-12 1 1 0 0 1 2 0 N,
A-13 900 3 Forming gas 
(90% N, + 10% H,)
A-14 900 30 Foiming gas 
(90% N, + 10% H,)
A-15 900 180 Forming gas (90% N, + 10% H,)
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Table 4.4.2 Annealing conditions employed in this project (double stage)
Process
number
First anneal Second anneal
TemperatureCC) Time(min) Ambientgas Temperature(°C) Time(min) Ambientgas
A-16 1300 30 N, 400 60 Forming gas (90% N, + 
1 0 %
A17 1300 30 N, 800 60 Forming gas (90% N2  + 10% H,)
A-18 1300 30 N, 1 0 0 0 60 Forming gas (90% N2  + 
1 0 %
A-19 1300 30 N, 800 1 2 0 Foraiing gas 
(90% N2  + 10% H,)
A-20 1300 30 N, 800 240 FoiToing gas (90% N2  + 10% H,)
A-21 1300 30 N, 800 240 Forming gas 
(90% N2  + 
1 0 % H J
A-22 1300 30 . N, 800 240 N,
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4.5 Analyses
4.5.1 Photoluminescence spectroscopy
4.5 .1.1 Description of the measurement system
Figure 4.6 shows a schematic of the photoluminescence measurement system used to 
determine photoluminescent specti a.
optical high pass filter
chopper Cryostat Lenses
MirrorMirror
Sample
< Z
Line pass 
Filter
Si Detector
Lens
Spectrometer
Mirror \  Temperature 
Controller
Mirror
Lock-in Amp Computer
Figure 4.6 Schematic diagram of the photoluminescence system at the University of Surrey.
The PL spectra from these samples were recorded over the wavelength range 550 nm to 
1000 nm using a Spectra Physics 2025 argon laser light source operating at 500 mW 
continuous wave output power and at a wavelength of 488 nm. The laser beam was first 
passed through an optical chopper operating at 330 Hz, with a mark to space ratio of 50% 
in order to generate a reference signal for the EG&G model 5209 lock-in amplifier. Then 
the beam was passed thiough the line pass filter in order to eliminate the plasma lines
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created in the Ar laser tube. Subsequently, the beam entered an Oxford Instruments 
Continuous Flow Cryostat (CFC) where the samples could be cooled by liquid nitiogen 
and maintained at a pre-set, stable temperature within the range 77 K to 300 K. Samples 
were mounted on a brass sample holder using Teflon tape and the holder was set into the 
cryostat. The samples were loaded in pairs. The light output from the cryostat was 
focused by the lens system and then entered a Spex 1704, 1 metre, 600 lines/nun grating 
spectrometer to record the optical spectrum. At the front of the spectrometer, there was a 
515 nm or 530 nm orange high pass filter which stopped the laser wavelength from 
entering into the spectrometer.
A silicon detector RCA C30955E, which has a detectable wave range from 550 to 1000 
nm, was used to detect the dispersed light. A computer controlled program written in 
Microsoft QuickBasic and running on a 486 PC was used to control the system including 
temperature stability; there was also a temperature controller, Oxford model ITC4, and 
lock-in amplifier, EG&G model 5209, and a spectrometer driver, Spex MCD, for data 
collection via an IEEE-488 bus.
4.5.1.2 System calibration
All recorded spectra were corxected for the response of the system using a correction curve, 
shown in Figure 4.7. This curve was obtained by placing a tungsten halogen lamp by the 
entrance slits of the spectrometer and recording the spectrum over the full range of the 
detector. The lamp was assumed to be an ideal black body, ignoring the variation in the 
emissivity of tungsten, so that Planck’s law could be used to determine the spectial
distiibution of the radiant energy Wjjj^  expressed as [95]
74
Chapter 4 Experimental details
Sjzhc
exp he
where \  is the wavelength, h is Planck’s constant, c is the speed of light, k is Boltzmann’s
constant, and T  is the filament temperature. Figure 4.7 shows two curves which are 
system response and black body emission. At each point on the measmed response curve, 
the Planck-derived curve was divided by the measured response to get the correction factor. 
The recorded spectmm from the sample was corrected by multiplying each point by the 
correction. Figure 4.8 shows raw data and a corrected spectrum from sample 38P12 (see 
Table 4.1).
By carrying out the correction procedure, one can avoid measurement errors caused by 
system oriented chai*acteristics such as the detector response, the defect of the grating 
miiTor and deviation of filter characteristics.
75
Chapter 4 Experimental details
Black Body Em ission1 .5 -ooooo
0 .5 -
S ystem  response
0 l i l t  " p T i T i ' i  I I I I I t ' i 1 I I I r  I I j I I I" I I I I I I
400 500 600 700 800 900 1000 1100Wavelength (nm)
Figure 4,7 A comparison between the measured system response to a tungsten lamp, using die silicon avalanche PIN detector and 600 lines/nm grating with the curve expected from a Planck derived emission spectmm.
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Figure 4.8 PL spectra from sample 38P12-16 showing raw data and the corrected spectmm.
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4.5.1.3 Expeiimental procedure
PL measurement was carried out as follows. Figure 4.9 shows a schematic of the sample 
holder. The samples were mounted with Teflon tape on a brass sample holder. This holder 
was set in the CFC, the angle of the sample holder was set at an angle of 135° against the 
laser beam line, in order that the reflected beam is absorbed in the CFC and no direct 
reflection of the laser beam comes out towards the detector. Figure 4.10 shows a schematic 
view from the top of the CFC. The laser output power was adjusted to a constant level of 
500 mW. After passing through the 488 mn line filter, the laser light beam was coarsely 
focused with a lens and introduced into the CFC thiough a quartz window. In order to get 
a reproducible PL intensity, the distance between the centre of the lens and the entrance lens 
of the CFC was fixed at 120 mm because this distance determines the constant excitation 
area and if it is changed, the photoluminescence intensity would be affected. The entrance 
and exit slits of the specti'ometer were set at 3 mm to get maximum intensity as PL peaks 
were broad and the resolution of the system is not an issue. At the beginning of the 
measurement, the reference sample was set and measured in order to demonstrate that the 
whole system was working in a reproducible manner and consistent with previous 
measm'ement conditions. Despite this effort, the photoluminescent intensity vaiied by up to 
about ±  40%, from day to day, so that the critical measurements, for example, when 
comparing intensities between samples, were all carried out on the same day. Under these 
conditions, reproducibihty of the PL intensity was more stable, typically within ± 10%. 
After each series of measurements, the reference sample was remeasuied in order to 
confirm that no instrumental drift or deterioration had occuired.
With regard to the PL wavelength, this is determined by a spectrometer and accuracy of the 
specti'ometer is within 0.1 nm. Resolution of the spectmm is deteimined by the slit width 
of the specti'ometer. In the configuration of our system, the wavelength resolution was 5 
nm, so one can assume that an uncertainty in the spectmm is ±  2.5 nm.
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Figure 4.9 Schematic of PL sample holder.
PL signali
Reflected Laser beam
Sample
Sample holder
Laser beam
0=135'
CFC
Figure 4.10 Schematic of sample setting in the CFC.
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4.5.1.4 Analysis and inteipretation of data
Photolmninescence is the emission of light stimulated by incident photons. 
Photoluminescence specti'oscopy is the method that records the emitting intensity as a 
function of wavelength of the emitted light. So there aie thiee factors which can be derived 
from the spectrum and these are: peak wavelength, full width at half maximum (FWHM), 
and intensity.
The peak position in the photoluminescence spectia is defined by the energy of the radiative 
tiansition through which the photoexcited electron-hole pairs recombine. Although the PL 
spectrum consists of discrete intensity data which aie recorded at each wavelength, one can 
regal'd this spectmm as a continuous function, so peak PL wavelength can be determined as
the point where dFdA, (where I is the intensity and X is the wavelength) changes from
positive to negative. If the samples are tianspaient and the thickness of the transpaient 
layer is thin enough for optical interference to occur, the peak position may not always 
correspond to the tiansition energy. This phenomenon is described in Appendix A. The 
interference effect is a function of the refractive index (n) and the thickness of the 
tianspaient layer (t). Therefore, if the thickness and refractive index can be assumed to be 
the same between samples, one can ai'gue that the trend of the peak wavelength stays the 
same.
The FWHM of a specti'um is a measure of the distiibution of the emitting states. For a pure 
semiconductor at low temperature, where there are excitons which are localized, it is 
possible to get very narrow line widths (<1 meV). As the temperature is increased, the Une 
widths will increase, reflecting the increased thermal energy of the electron and hole and, 
hence, the broader (wider FWHM) spectmm can be observed.
The intensity of a PL spectra is the most difficult aspect to draw firm conclusions from. It 
is in pait a measure of the competition between different recombination paths, as a large
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number of fast non-radiative recombination routes would be expected to reduce the PL 
intensity, and the lifetimes of the various recombination processes. This can be illustrated 
by the situation where there are a large number of recombination paths in a system where 
they all have a long lifetime. Under excitation, all these centies can trap some of the 
photoexcited charge but it takes time before the centres can emit and, hence, captuie a new 
charge. If, in this system, there aie some veiy fast non-radiative routes, then these would 
act as a sink for the other cairiers. Another problem with interpreting intensity data is that 
the capture cross-section of the recombination centre, which is determined as the ratio of 
absorption coefficient and the concentiation of the centres is also important because there 
may be a laige number of fast radiant recombination centres present. If the probability of 
that centre captuiing a charge carrier is very low, then its luminescence intensity will be 
low. Because of these difficulties, it is often better to look at trends in intensity rather than 
tiying to inteipret the data absolutely. For example, if the intensity increases with annealing 
time or temperature then it is reasonable to argue that this may be suggestive of a reduction 
in non-radiative paths or an increase in radiative paths as the lifetime and cross-sections of 
the centres should not be changing because these are the nature of the material itself.
4.5.1.5 Collaborators on photoluminescence
PL measurement has also been caixied out on samples prepared in this project by our 
collaborator, Dr Weber at the Max-Planck Institute, Stuttgait, Germany. Figure 4.11 
shows a schematic diagram of the PL measurement system at the Max-Planck Institute. A 
325 nm He-Cd laser was employed as the excitation. A GaAs photon counting system 
which counts photons directly within a wavelength range from 300 to 800 nm was used as 
the detector.
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Figure 4.11 Schematic diagram of the photoluminescence measurement system in the Max-Planck Institute.
4.5.2 Rutherford backscattering
4.5.2 .1 Description of the measurement system
The retained dose and depth profile of silicon atoms were determined by Rutherford 
backscattering (RBS) using 2.0 MeV or 1.5 MeV '^ He^  ions. Figure 4.12 shows a 
schematic diagram of the 2 MV Van de Graaff analysing system which is situated in the D 
R Chick Accelerator Laboratory at the University of Surrey. The Van de Graaff accelerator 
provides a '^ He^  ion beam with an energy from 300 keV to 2 MeV, which is selected by a 
magnetic analyser. The '^ He'^  beam is collimated using a pair of analysis slits and two 
apertures. Additionally, the beam can be electiostatically steered in horizontal and vertical 
directions. The '^ He^  ion beam cunent on the sample was typically 20-50 nA with a beam 
spot diameter of approximately 1 ram. Energy analyses of the backscattered ^He  ^ions were
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achieved using a Ortec system consisting of a silicon surface barrier detector, charge to 
voltage preamplifier and pulse shaping spectroscopy amplifier. The detector was mounted 
at a backscattering angle of 160° giving a system resolution of, typically, 14 keV. The 
detected paiticles were converted into an energy spectrum using a multichannel analyser and 
the data stored and handled by a computer. The scattering chamber and beam line were 
maintained at a vacuum of the order of ~ 10'^  Toix.
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F igure 4.12 Schematic diagram of the Rutherford backscattering (RBS) system
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4.S.2.2 Inteipretation of RBS data
From the RBS spectrum one can extract quantitative infonnation such as the depth 
concentration profile of most elements. A basic method of analysis can be found in the 
literature [74] and as an example of this analysis, we will discuss the dosimetry problem 
encountered in this project. As described in Section 4.3.3, there was a suspicion that a 
difference existed between the nominal and retained dose because of contamination of 
primary beam ^^SF by or CO^ . In this section, we describe how to inteipret the data 
from an RBS analysis.
Two samples from 38N-2 (see Table 4.1), which were n-type <100> 2-3 Q cm, have been 
used. One wafer was oxidized in wet oxygen to forni a 5000 Â SiO  ^layer on the surface. 
Both wafers were implanted with ai'senic to a dose of 5 x 10^  ^As  ^cm'^ or 2 x 10^  ^As"*" cm'  ^
at an energy of 50 keV.
RBS analyses were caixied out on the samples using 2 MeV '^ He"^  ions as projectile 
particles.
Figures 4.13 and 4.14 show the RBS spectra taken from the samples where the SiO^ has 
been implanted with nominal doses of 2 x 10^ ® As"^  cm'^or 5 x 10^  ^As’^ cin^ . Figure 4.15 
is the spectrum recorded from a silicon sample which has been implanted with a dose of 5 x 
10^  ^As"^  cin^. One can calculate the dose from these spectia using the following foixnula 
[96]:
[e.]
where (Nt) is the dose in units of atoms cm' ,^ A^, is the integrated number of counts under 
the As spectmm (area As); is the edge count at channel 280 obtained from the silicon
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RBS spectmm; Gg; and aie the Rutherford scattering cross sections for Si and As,
respectively; e is the channel width (eV), and is the stopping cross-section factor for 
He^ ions in the silicon substrate.
As indicated in Figure 4.13, if the first order exti'apolation is employed, one can obtain the 
surface silicon count from the sample. In this case it is 4985 at channel number 280. 
Likewise, one can obtain the numbers from Figures 4.14 and 4.15. Detailed numbers are 
shown in Table 4.5.
Figuie 4.16 (a) and (b) show the magnified RBS spectra in the arsenic region. One can see 
that the base line is small (0-10 counts per channel). Assuming that the arsenic spectmm 
starts at 370 and ends at 410, one can obtain the total area counts (A^J by summing up the 
counts of each channel number from 370 to 410 of the spectrum. By collecting these 
numbers from the spectia and taking the parameters from literature and the University of 
Surrey’s simulation computer program “sstop”, one can extract the data as shown in Table
4.5. Using these numbers, calculations have been cairied out and the results aie shown in 
Table 4.6. It is evident that the retained doses are greater than the nominal dose, being + 
33% on the bulk silicon samples, + 50% on the samples with SiO  ^ and + 41% on the 
samples containing a high dose of SiO .^ However, if one assumes no dosimetry error for 
the silicon substrate, then the As dose implanted into the SiO  ^is + 13% (7.50/6.63) more 
than that implanted into the silicon substrate.
We concluded that doses of samples used in our project are in error by +13 %.
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Figure 4.13 RBS spectrum from As implanted into SiO, at a dose of 2 x 10*^  As"*" cm'^
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Figure 4.14 RBS spectrum from As implanted into SiOj at a dose of 5 x 10^  ^cm"^
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Figure 4.15 RBS spectmm from As implanted into Si at a dose of 5 x 10'  ^As+ cm'^
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Table 4.5 Summaiy of the RBS experimental data
W afer Sample details
Nominal implantation dose (A^  cm'^ )
Integrated area under As peak A,; Background
Surface count of Si 
(HJ
1 0.5 nm SiOj on 
n<100>2-3Ù cm Si
5x10*' 3880 « 0 - 1 0 4985
1 0.5|Lim SiOg on 
n<100>2-3^2 cm Si
2 x 1 0 *^ 14527 « 0 - 1 0 4969
2 n<100>2-3^2 cm Si 5x10*' 3602 « 0 - 1 0 5235
Values of parameters (calculated by “SSTOP”)
£ = 4.1keV
[8 ],, = 74X10’’ eV cm"
—  = 0.174 (from [96])
Table 4.6 Calculated retained dose
Sampledetails Nominal dose As"- cm'^ Calculated retained dose As"^  cm'^
Retained dose - nominal dose (atoms cm'^)
Discrepancy[%]
0.5jiim SiOg 5x10*' 7.50x10*' + 2.50x10*' +50
Silicon 5x10*' 6.63x10*' + 1.63x10*' +33
0.5nm SiOg 2 x1 0 *^ 2.82x10*' + 0.82x10*' +41
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4.5.3 Cross-sectional transmission electron microscopy
Cross-sectional transmission electron microscopy (XTEM) was used to image the 
microciystalline precipitates in the SiOg layers from selected samples. Samples were 
prepared by mechanical grinding and polishing techniques with the final thinning step being 
caii'ied out by a Gatan two beam Ar  ^ion milling system. The energy of the incident ion 
was 5 keV Ai*"^  beams. The samples were examined in a JEOL 200 CX transmission 
election microscope at the Micro Structures Studies Unit (MSSU), University of Surrey 
and this was carried out by a post graduate student, Justin Kelly. Also, other HTEM 
analyses were caixied out using selected samples which were used in this project by Dr C 
Marsh at the University of Oxford, staff at the University of Liverpool, and members of the 
Max-Planck Institute.
4.5.4 Other optical measurements
Detailed fine stiucture of PL and PL decay cuives from silica glass have been investigated 
jointly with our collaborator, Dr Kanemitsu, University of Tsukuba in Japan.
The substrates used were commercially available fused sihca glass of 1 mm thickness. All 
the samples used in these experiments were prepaied at the University of Surrey by 
implanting at room temperature a dose of 2 x 10*^  cm'^, 200 keV ions followed by 
thermal annealing with process A-14 , as described in Section 4.4 (see Table 4.4.1).
The PL spectra were excited using Spectra Physics laser, namely. Tsunami 3960C-L25, 
Cd-He, He-Ne, Ai' and a Ti:Al^Og lasers. The measurement temperatme was varied from 
2 to 300 K in a cryostat. Time-resolved PL spectra, where the emission was stimulated by 
200 fs pulses from a 380 nm laser line, were measured using a Hamamatsu, C1587 
synchroscan streak camera. The spectral sensitivity was calibrated by using a tungsten 
standai’d lamp and the time resolution was 2 0  ps.
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CHAPTER 5
EXPERIMENTAL RESULTS
5.1 Introduction
In this chapter we report studies of the light emission from Si nanostuctures in SiO^ formed 
by silicon implantation.
PL results from “as implanted” (unannealed) samples will be presented in Section 5.2 and 
PL from nifrogen implanted samples will be discussed in Section 5.3. In Section 5.4 we 
will present the PL results of measurement temperature dependence, in Section 5.5 the 
effect of annealing temperature will be discussed and in Section 5.6 we will present the 
dependence of the PL emission on annealing time. We will present the results of dose 
dependence in Section 5.7. In Section 5.8 oxidization experiments will be presented and in 
Section 5.9 we will show the dependence on anneal ambient. We wül present the results 
from silica glass samples in Section 5.10 and in Section 5.11 we will present some TEM 
results and finally we present RBS and SIMS results in Section 5.12.
5.2 PL from “as implanted” samples
PL was measured from as implanted samples before annealing and the background noise 
was measured without the sample.
Figure 5.1 curve (b) shows a spectrum of the background noise of the PL system, where 
the signal, about 3 AU on our scale, is thought to originate from environmental light or
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Figure 5,1 PL spectra from SiO  ^and the background signal of the PL spectroscopy. The spectia were excited by 488 nm laser and coixected.
detector related noise. The spectrum was measured without the sample. Over the 
measurement range from 550 to 1000 nm, the intensity was typically a factor of two lower 
than the signal from the SiO^/Si samples. The spectrum from the thermally grown SiO  ^
(curve (a)) showed that luminescence intensity is constant up to 900 nm but increases 
rapidly above 900 nm due to carrier transition near the bulk silicon band gap of the 
substrate [4]. One concludes that the PL background noise level spectra from a thermal 
SiOj on silicon substrate is featureless over the wavelength range from 600 nm to 900 nm.
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Figure 5.2 shows spectra recorded from as implanted samples with a dose of 2 x 10*^  SF 
cm'^, (38N4, curve (b)) and 6  x 10'^ SF cm'^, (38P4, curve (c)) (see Table 4.1). As a 
reference, the PL spectrum from thermal SiOj on Si is included, also. Spectra from both 
38N4 and 38P4 have weak PL intensity and broad peaks centred at 770 nm for 38P4 and 
640 nm for 38N4. The sample implanted with the higher dose ( 6  x 10*^  SF cm'^) has a PL 
intensity which is about twice that from the low dose sample (2 x 10*^  SF cm" )^. This 
difference is greater than the experimental uncertainty on the PL intensity, which in this 
case is typically ± 40% as discussed in Section 4.5.1.3.
100
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I  40
20
0
(a) SiOj only
(b) 2xl0'’cm'^,200keV,As implanted
(c) 6xl0‘’cm'^,200keV,As implanted
T=300 K
(a)
(c)
(b)
1— r
550
1 I I [ I i i j I ! I I j I I
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Figure 5.2 PL spectra fromSiOj (a) and as implanted samples with a dose of 2 x 10*^  SF cm'", (38N4, (b)) and 6  x 10*" SF cm'^ (38P4, (c)).
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5,3 PL from nitrogen implanted samples
Figure 5.3 shows the PL spectrum from the sample implanted with nitrogen (38N3, 5 x 
10*7 N"*" cm'7, see Table 4.1) and annealed at 1300°C for 30 minutes. It showed veiy weak 
PL intensity which was almost at a background level. One can conclude that radiation 
related defects and the presence of a high volume concentration of nitrogen do not give rise 
to significant PL within the wavelength range from 550 nm to 1000 nm. This is in marked 
contrast to the electronic properties of all Si0 2 /Si samples implanted with high doses of S ’C 
ions (see latter sections), thus no PL emission due to defects in silicon substrate (see 
Section 4.3.2)
200
150-
^ 0 0
005
5 0 -
0
38N3 vs Background level
T=300 K
550 650 750 850 950Wavelength (nm)
Figure 5.3 PL spectra from the sample implanted with nitrogen(38N3, 5 x 10 N'^cm )and the background level
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5.4 Measui’ement temperature dependence of PL
Figures 5.4(a) and 5.4(b) show measurement temperature dependence of the PL peak 
position recorded from samples implanted with doses of 2  x 1 0 *7 SF cm‘^  (low dose : 
38N4, see Table 4.1) and implanted at a dose of 6  x 10*7 <jose : 38P4, see
Table 4.1). With the low dose sample, the peak wavelength is constant at about 580 nm 
over the complete temperature range from 80 to 300 K. With regard to the peak intensity, it 
is 58 AU at 80 K and gradually decreases towards 40 AU at 300 K. With the high dose 
sample, the peak wavelength is again constant with a value of 750 nm. However, the peak 
intensity rises from 40 AU at 80 K to an approximate count value of 58 AU over the 
temperatur e range 150 to 300 K.
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Figure 5.4(a) Measurement temperature dependence of PL peak wavelength and intensity (low dose)
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Figure 5.4(b) Measui'ement temperature dependence of PL peak wavelength and 
intensity (high dose)
5.5 Effect of annealing temperature
In order to investigate the effect of annealing temperature in a nitrogen ambient on the PL 
emissions, the annealing temperature was changed from 900°C to 1300°C with the anneal 
time fixed at 30 minutes. The samples used were from 38P4 (see Table 4.1) and the 
sample details are shown in Table 5.1, Figure 5.5 shows the peak wavelength as a 
function of the anneal temperatur e. It is apparent that the peak wavelength is about 760 mn 
and is insensitive to the anneal temperature. This behaviour will be discussed in Section 
6.4.2.
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Table 5.1 Sample list of annealing temperature experiment. Anneal time: 30 minutes
Anneal temperature (°C) Sample number Peak wavelength (nm)
900 38P4-20 753
1100 38P4-22 766
1300 38P4-7 764
1000
Ec 900
c  600
5o  
8
gc5 700
0  600 
CL
500
3 8 P 4 ,2 0 0  keV, OxIO^^Si+cm"^
800 900 1000 1100 1200 1300
A nneal T em perature (°C)
1400
Figure 5.5 Dependence of PL peak position as a function of annealing temperatuie
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5.6 Effect of annealing time
Selected samples were annealed at fixed temperatmes for various times from 15 to 120 
minutes in a nitrogen ambient in order to see the positional trend of the PL peak 
wavelengths.
Samples used in this experiment were from wafer 38P4 (see Table 4.1). Table 5.2 shows 
details of the samples used and the PL peak wavelengths measured in this experiment. 
Figure 5.6 shows the peak wavelength as a function of anneal time. It is noted that the 
peak wavelength is slightly blue-shifted as the annealing time increases to 90 minutes, 
although the wavelength difference is small (54 nm [0.12 eV]), and the peak position is 
almost the same after 90 and 120 minutes.
Table 5.2 Sample list of annealing time experiment. Anneal temperature: 1300°C
Dose: 6 x 1 0 *^ cm  ^Energy: 200 keV = 0.5 pm
Anneal time (minutes) Sample number Peak wavelength (nm)
15 38P4-6 771
30 38P4-7 764
60 38P4-8 746
90 38P4-9 720
120 38P4-10 717
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Figure 5.6 Dependence of PL peak position as a function of annealing time
These two sets of data described in Sections 5.5 and 5.6 demonstrate that the PL peak 
wavelength is relatively insensitive to anneal temperature and time.
In order to confirm this insensitivity to anneal temperature and time, other samples were 
annealed and measured; one is 38N4 (see Table 5.3) and another is NOl (see Tables 4.1 
and 5.4). Figures 5.7 and 5.8 show the pealc wavelength from 38N4 and NOl as a 
function of the anneal temperature. The closed circles indicate data collected after a 30 
minute anneal whilst the open square indicate data collected following a 1 2 0  minute anneal. 
Thus it is apparent that the peak wavelength position is insensitive to both anneal 
temperature and atmeal time. This behaviour will be discussed in Section 6.4.3.
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Table 5.3 Dose: 2 x 1 0 *^ cm'  ^ Energy: 200 keV = 9.5 pm
Anneal
temperature
(°C)
30 minutes 120 minutes
Samplenumber
Peakwavelength(nm) Samplenumber
Peakwavelength(nm)
900 38N 4-1 602 38N 4-5 593
1100 38N 4-8 588 38N 4-11 606
1300 38N 4-14 582 38N 4-17 605
Table 5.4 Dose: 6  x 1 0 *^ cm'^ Energy: 200 keV
Anneal
temperature(°C)
30 minutes 120 minutes
Samplenumber
Peakwavelength(nm) Samplenumber
Peakwavelength(nm)
900 N O l-2 764 N O l-5 770
1100 NO l-8 780 NOl-11 770
1300 NO l-14 757 NO l-17 740
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Figure 5.7 Dependence of PL peak positions as a function of annealing temperature and time with 0.5 pm sample.
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Figure 5.8 Dependence of PL peak position as a function of annealing temperature and 
time with 1 pm SiOg
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5.7 Dose dependence
In order to investigate the dose dependence of PL, several experiments were carried out. 
Figure 5.9 shows typical PL spectra recorded from samples with a high dose (38P4, 6  x 
10’^  cm'^) and a low dose (38N4, 2 x 10^  ^cm'^) after annealing at 1300°C for 30 minutes in
100
38p4-7
38n4-13
650550 7 5 0 950Wavelength (nmj
Figure 5.9 Typical PL spectra recorded from samples with a high dose ( 38P4, 6 x 10^  ^cm'^) and a low dose (38N4,2 x 10'  ^cm'^) after annealing at 1300°C for 30 minutes in nitrogen.
100
Chapter 5 Experimental results
niti'ogen. The high dose sample has a broad specti'um with a FWHM of over 300 nm and 
the highest intensity peak at about 740 nm. There is an indication of another peak at below 
550 nm but this is not clear* due to the cut off filter as described in Chapter 4. The low dose 
sample also had a broad spectrum (FWHM of over 400 nm) with the highest peak at ar ound 
570 nm and plateau in the PL intensity over the wavelength range from 760 to 840 nm. 
One can say that the low dose sample has a shorter peak wavelength than the high dose 
sample.
Table 5.5 lists the samples which were measured in order to quantify the dose dependence 
of the PL emission. All samples have 0.5 jxm SiO  ^ (see Table 4.1) and the doses were in 
the range from 2x10^^ cm'^ to 6  x 10^  ^cm’^ . The implantation energy employed was 200 
keV except for samples 38P5 and 38N6 which had two or three energy implantations. All 
samples were annealed at 1300°C for 30 minutes (process A~2 see Table 4.3.1).
Table 5,5 Samples used in dose dependent experiment (tg^ o^  = 0.5 jxm)
Dose (cm^) Wafernumber Samplenumber Energy (keV) Annealcondition
6 x 1 0 ^ 38N5 1 2 0 0 1300°C, 30 min N,
1 x 1 0 " 38P6 9 2 0 0 1300°C, 30 min N,
2 x 1 0 " 38N4 14 2 0 0 1300°C, 30 min N,
Ix l0 "x 2 38P5 7 200 + 150 1300°C, 30 minN,
Ixl0"x3 38N6 2 250 + 200 + 150 1300°C, 30 min N,
6 x 1 0 " 38P4 14 2 0 0 1300°C, 30 minN,
Figure 5.10 shows the peak PL wavelength recorded from samples in Table 5.5 as a 
function of the implanted dose. It is noted that no PL spectra were recorded from the 
samples implanted with a dose of less than 1 x 1 0 ^^ cm'  ^but samples with a dose 2  x 1 0 ^^
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cm'^ and upward have PL signals. The peak wavelengths are from 590 nm to 780 nm and
aie red shifted with increases in dose.
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Figure 5.10 Dependence of PL peak position as a function of dose (tgiO2=0 . 5  pm)
Different sample thicknesses were employed in a similai* experiment. Table 5.6 shows a 
list of samples with 1 pm SiOg. These samples were implanted with doses of 2 x 10^  ^ cm‘^  
to 4 X 10" cm'  ^at energies of 50 keV and 200 keV (see, also, Table 4.1). All samples 
were annealed at 1300°C for 30 minutes in niti'ogen (A-1, see Table 4.3.1) Figure 5.11 
shows the peak wavelength recorded from samples in Table 5.6, as a function of dose. 
There was no PL observed for the dose of up to twice of 1 x 10" cm'^ at each energies 
(200 keV and 150 keV) implantation. The peak wavelengths are in the range from 600 to 
800 nm and aie red-shifted with increases in dose. Figures 5.10 and 5.11 show the same 
trend where PL cannot be observed below a dose of 1 x 10" cm'  ^ and both pealc 
wavelengths ar e within the range 590 nm to 780 nm.
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Table 5.6 Samples used in dose dependent experiment (tgjoj = 1 pm)
Dose (cm*) Wafernumber Samplenumber Energy (keV) Annealcondition
2 x 1 0 ^ N-04 1
2
50 1300°C, 30 min N^
3x10" N-02 2 2 0 0 1300°C, 30 min N,
2 x 1 0 " 38P12 2 2 0 0 1300°C, 30 min N,
Ix l 0 "x 2 38N12 3 200 +150 1300°C, 30 minN,
4x10" N-03 2 2 0 0 1300°C, 30 min N,
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Figure 5.11 Dependence of PL peak position as a function of dose (tg;Q2=l pm)
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5.8 Effect of oxidization dming subsequent lower temperatuie annealing
The dependence of luminescence on precipitate size has been investigated by deliberately 
reducing the size of the Si nanocrystals using dry theimal oxidization. The hypothesis was 
that the flux of oxygen would oxidize the existing silicon precipitates and, subsequently, 
the size of the silicon precipitates will be reduced with eventual annihilation during long 
thermal oxidization and this would lead to changes in the observed PL. Further it was 
assumed that oxygen would diffuse down to the SiO^/Si interface where further oxidization 
of the silicon substrate would occur.
Samples from 38P4 (see Table 4.1), which had been annealed at 1300°C for 30 minutes in 
a nitrogen atmosphere and were shown to have strong luminescence (Figure 5.9), were 
subsequently oxidized at 1000°C in a dry oxygen atmosphere for 20,40 and 60 minutes.
The luminescent spectra from these samples are shown in Figure 5.13. It is evident that the 
luminescent peak from the sample oxidized for 2 0  minutes (labelled 2 0  min) shifts to a 
shorter wavelength which is marginally nari'ower but has a slightly higher intensity. After a 
further 20 minutes oxidization (total oxidization time - 40 minutes), the intensity drops and 
the peak becomes much broader and shifts further to the shorter wavelengths and after a 
total oxidization time of 60 minutes, the luminescent intensity is reduced to about 1 0 % of 
the initial intensity but above the background level.
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Oxidation Effect 
Sample;38P4-26 
200keV ,6xl0'W ^ 
Oxidized at 1000“C in dry 0^
As Annealed at 1300°C,30min in Nj
0
T=300K
As Annealed20min.y
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Figure 5.13 PL spectra from samples from 38P4 wMch had been annealed at 1300°C for 30 minutes in a nitrogen atmosphere and were subsequently oxidized at 1000°C in a dry oxygen atmosphere for 20,40 and 60 minutes.
105
Chapter 5 Experimental results
5.9 Anneal ambient
5.9.1 Effect of gas ambient
Samples from wafer 38N4 (see Table 4.1) were used to investigate the sensitivity of the PL 
emission to the gas ambient. These samples were annealed at 1300°C for 30 minutes in 
different ambient gases, namely nitrogenCN^), ai'gon(Ai) and forming gas (FG: 10% +
90% Ng) (see Tables 4.3.1 and 4.3.2). Figure 5.14 shows the photoluminescent spectra 
from these samples and a control sample (curve d) which had been implanted but not 
annealed. Curve (a) shows the spectrum from a sample which was annealed in a nitrogen 
ambient only. Curve (b) is the spectrum from a sample annealed in argon whilst, curve (c) 
is the spectmm from a sample annealed in forming gas and the spectrum from the control 
sample is labelled curve (d).
It was observed that the intensity of the luminescence was dependent on the gas ambient at 
a temperature of 1300°C. Nitrogen gave the highest PL intensity, whilst an anneal at the 
same temperature in forming gas reduced the intensity to below the value recorded from the 
sample before annealing to even lower than that from the unannealed sample. The intensity 
from the sample annealed in the argon ambient sat in between. It wiU be discussed in 
Section 6.5.
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Figure 5.14 PL dependence of annealing atmosphere
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5.9.2 Effect of forming gas during subsequent lower temperatuie annealing
The previous experiment (Section 5.9.1) showed that annealing the implanted samples at 
1300°C in forming gas fails to enhance the PL intensity above the background level 
obseiwed before the anneal. In order to investigate in more detail the effect of forming gas, 
new experiments were carried out involving samples which exhibited strong luminescence 
after a nitrogen anneal (1300°C). These samples were subsequently annealed at the lower 
temperatuie of 800°C in forming gas (FG) for total times of 1, 2, 3 and 4 hours. Figure 
5.15 shows the PL spectra as follows: curve (a) from the control sample annealed in 
nitrogen only, whilst curves (b) to (e) were recorded from samples subsequently annealed 
at 800°C for total times of 1 ,2 , 3 and 4 hours, respectively. It is apparent that the 
luminescent intensity at the peak wavelength, measured after each anneal step, increases 
with increasing anneal time. The PL spectra have broad peaks, with FWHM of 160 nm 
centred at about 740 nm which do not shift, however, large changes in the PL intensity are 
evident. To further confirm this observation, additional samples were similarly annealed in 
forming gas. In this case, specimens were cleaved from wafer 38N12 (see Table 4.1) 
which had a lower initial peak volume concentration of Si although the areal density (2 x 
10^  ^ SP cm^) was the same as specimen 38P12. Figure 5.16 shows the PL spectra 
recorded after each aimeal stage. The PL spectra shows two peaks and the primary PL 
peak wavelength at about 630 nm has a FWHM of about 70 nm which was not changed 
during annealing in FG. It is evident that the intensity of the photoluminescence increases 
as a result of aimealing in forming gas. Even if the original peak wavelength shifts slightly, 
the main effect of the anneal in forming gas is to increase the PL intensity.
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Figure 5.15 PL spectra from samples from 38P12 processed as follows; cuiwe (a) from the control sample annealed at 1300 °C for 30 minutes in nitrogen only, whilst curves (b) to (e) were recorded from samples subsequently annealed 
at 800°C for total times of 1,2,3 and 4 hours, respectively.
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Figure 5.16 PL spectra from samples from 38N12 processed as follows; curve (a) from the control sample annealed at 1300 °C for 30 minutes in nitrogen only, whilst curves (b) to (e) were recorded from samples subsequently annealed at 800°C for total times of 1,2, 3 and 4 hours, respectively.
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A third experiment was carried out as follows. The samples employed were also from 
wafer 38P12 (see Table 4.1), In this experiment, a second anneal in a forming gas 
atmosphere was carried out at temperatures of 400°C, 800°C, and 1000°C for 1 hour. 
Figure 5.17 shows peak wavelength and peak intensity as a function of anneal temperature 
in FG. It is evident that the enhancement of the intensity is highly sensitive to temperature, 
there being only a small effect at 400°C, whilst the effect appears to increase and saturate or 
even diminished during a 1000°C anneal (see also Section 5.9.1). On the other hand, the 
peak wavelength is relatively insensitive to annealing temperature with a shift of only 2 0  nm 
over this temperature range.
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Figure 5.17 Dependence of PL peak position and intensity as a function of annealing temperature in FG
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A fourth experiment was caiiied out using samples from wafer 38P12. In this experiment, 
the second anneal was carried out in a nitrogen ambient instead of forming gas. Figure 
5.18 shows the photoluminescent spectra recorded after the anneal stages where spectrum 
(a) is from a sample only annealed at 1300°C for 30 minutes in a nitrogen atmosphere, and 
spectrum (b) was recorded after a second anneal in a nitrogen atmosphere at 800°C for 4 
hours. It is apparent that annealing at 800°C in a nitrogen atmosphere has only a small 
effect on the luminescent intensity. Moreover, it is noted that the two peaks at around 620 
and 760 nm show different behaviours, that is, the peak of 620 nm is staying the same 
position after annealing, and shows the same intensity, whilst the peak of 760 nm is red- 
shifted and shows an increase in intensity. However, FWHM at the peak of 760 nm peak 
is about 1 1 0  nm and is the same after annealing.
5.9.3 Low temperature anneals in forming gas
In Section 5.9.1 it was shown that samples annealed at a high temperature in forming gas 
do not exhibit PL. In Section 5.9.2 it was shown that samples that were first annealed at 
high temperature in nitrogen, in order to stimulate PL emission and, then, subsequently 
annealed at a lower temperature in forming gas also exhibited strong PL. However, in the 
experiment described here the samples were annealed only at a low temperatme of 900°C in 
forming gas.
The samples used in this experiment are listed in Table 5.7; these are 1 |im SiO^ samples 
(38P11, 38P12, see Table 4.1) and a bulk sUica plate (Si-1). Samples were implanted at 
energies of 2 0 0  or 400 keV with a dose of 2 x 10*^  SP crn^ and after implantation, the 
samples were annealed in forming gas at 900°C for times between 3 to 180 minutes.
PL spectra from these samples were recorded at the Max-Planck Institute for Solid State 
Research (MPI) using a conventional 1200 lines/mm grating spectrometer. The emission
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was stimulated by the 325 nm line from an He-Cd laser and spectra were recorded over the
wavelength range 350 to 800 nm. The measurements were all made at room temperature. 
200
Sample: 38P12 (200 keV, 2xlO^^Srcm' )^(a) Annealed at 1300 for 30 min in Nj
(b) following (a), annealed at 800 ® C in Nj for 4 h
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'coCac
T=300K
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Figure 5.18 PL spectra recorded after each anneal stage where the spectrum (a) is from a sample only annealed at 1300°C for 30 minutes in a nitrogen atmosphere, and spectrum (b) was recorded after a second anneal in a nitrogen atmosphere at 800°C for 4 hours.
Table 5.7 Details of wafers and process conditions
Im plantation
W afer Type Energy(keV) Dose (S r  cm‘^ ) Annealing condition
38P12 P<100> 
2-3 Gem
2 0 0 2 x 1 0 " 900°C 3, 30, 180 mins in FG 1300°C 30 mins in N,
38P11 P<100> 2-3 Gem
400 2 x 1 0 " 900°C 3, 30. 180 mins in FG 900^C3minsinN,
Si-1 Silica 2 0 0 2 x 1 0 " 900°C 3, 30, 180 mins in FG
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Figure 5.19 shows the PL spectra from the silica samples (Si-1), implanted with 200 keV 
Si  ^ions to a dose of 2 x 10*^  SP cm'^, after annealing for 30 and 180 minutes. The sample 
annealed for 30 minutes has a maximum PL intensity at 440 nm, with a prominant shoulder 
at about 420 nm with FWHM of about 70 nm and a broad tail extending to the longer 
wavelengths (not shown). The sample annealed for 180 minutes exhibits less intense PL 
although the peak is located at a similar' wavelength. Both samples have small peaks at 
about 380 nm, which is also the position of the PL emission from the samples before 
implantation.
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Figure 5.19 PL spectra from the silica samples (Si-1), implanted with 200 keV S r  ions to a dose of 2 x 10*^  S r  cm' ,^ after annealing in forming gas at 900°C for 30 and 180 minutes.
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Figure 5.20 shows the PL spech'a from the 200 keV SP implanted SiO  ^ on Si samples 
(38P12) after annealing in forming gas (FG) for 3, 30 and 180 minutes. For reference 
purposes, a PL spectmm from a sample annealed at 1300°C for 30 minutes in nitiogen is 
also plotted. The dominant peak from the samples annealed in FG is centred at about 450 
nm with FWHM of about 70 nm with less intense peaks at 530 nm and 650 nm.
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Figure 5.20 PL spectra from the SiO  ^ samples (38P12) implanted with SP ions at an 
energy of 200 keV after being annealed at 900°C in forming gas for 3, 30 and 180 minutes.
Figure 5.21 shows PL spectra from samples (38P11: see Table 5.8) implanted with 400 
keV SP ions. The emission occurs at similar wavelengths to the previous samples (440, 
530, and 650 nm Figure 5.20) with FWHM of about 80 nm although the relative intensities 
of the secondary peaks to the main peak are less than that in Figure 5.20. Figure 5.22 
shows the PL spectra from the same samples after annealing at 900°C for 3 minutes in 
forming gas or nitrogen. As a reference, the PL spectrum recorded from an unannealed 
sample, is also shown. This spectrum is magnified by a factor of 10. The PL intensity
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from the sample annealed in nitiogen is less than from a sample annealed in forming gas, 
however, the peak positions are the same, namely 440 nm with FWHM of about 80 nm.
We conclude that annealing in forming gas enhances the intensity by a factor of two 
compared with samples annealed in nitrogen. The PL spectnrm from the unannealed 
sample is very weak but clearly defined peaks occur- at the same wavelengths as from the 
annealed samples.
The data shown in Figures 5.20, 5.21, and 5.22 clearly show that the wavelength positions 
of the peaks in the PL spectra are at about 440 nm with FWHM of about 70 ~ 80 nm, 
which are insensitive to both annealing time and ambient gas.
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Figure 5.21 PL spectra from samples (38P11) implanted at an energy of 400 keV.
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Figure 5.22 PL specti'a from samples annealed at 900 °C for 3 minutes in Ng and FG. As a reference, PL spectrum from as implanted sample were also shown.
5.10 Results from silica glass
In order to avoid the interference due to the thin film of thermal oxide and observe fine 
detail in the PL spectra, a new experiment was carried out jointly with Dr Kanemitsu, 
Tsukuba University, in Japan. A sihca substrate was implanted at a dose of 2 x SP 
cm'^ with an energy of 200 keV and subsequently annealed in forming gas for 30 minutes.
Figure 5.23 shows typical PL spectra recorded from samples Si-1 (see Table 4.1) at 18 K 
using excitation photon energies of 3.814 eV (325 nm) (curve a), 2.707 eV (458 nm) 
(curve b), 2.540 eV (488 nm) (curve c), 2.409 eV (514 nm) (curve d), and 1.959 eV (633 
nm) (curve e). The energies of the excited lasers are indicated by the arrows. A broad PL 
peak, which shifts to higher energy with increasing excitation energy, is evident in each 
case. PL spectrum corresponding to curve (a) recorded at room temperature (300 K) at 
MPI was previously shown in Figure 5.19. The energy internal (Stokes shift AE, see
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Appendix B) between the energy of excitation (arrow) and peak emission also increases 
monotonically. In each case, the spectra show fine structure which is in marked contrast to 
the featureless, Gaussian-like peaks recorded from silica samples by Shimizu-Iwayama 
[61], when the measurement temperature is higher (300 K) with a laser excitation energy of 
2.54 eV.
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Figure 5.23 Typical PL spectra recorded fr using excitation ohoton enersiei
eV (curve e).
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Figure 5,24 shows, in more detail, spectra recorded at 18 K using excitation photon 
energies of 2.540 eV (curve a), 2.409 eV (curve b), 2,330 eV (curve c) where the zero on 
the abscissa scale corresponds to the excitation energy. A curve fitting program (Origin) 
[97] has been used to generate the Gaussian components, which are shown as dashed 
curves. The energy interval (Stokes shift (AE)) between the excitation energy and the 
highest calculated energy PL peak (EJ is indicated in the figure.
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Figure 5.24 Detailed PL spectra recorded at 18K using excitation photon energies of 2.540 eV (curve a), 2.409 eV (curve b), 2.330 eV (curve c).
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5.11 TEM analysis
Selected samples, listed in Tables 5.8 and 5.9, were examined by cross sectional TEM in 
order to image the silicon precipitates in the SiO  ^matrix.
The TEM equipment used in this experiment was a JEOL 200CX (MSSU, University of 
Suney) for ordinary TEM analysis and a JEOL 2000CX for HTEM analysis at Oxford. 
The TEM experiments in Tables 5.8 and 5.9 were carried out by our collaborator. Dr Marsh 
of Oxford University. All samples were prepared by Dr Marsh and the samples were first 
observed by conventional TEM to establish that Si precipitates existed in the SiO^ matrix 
and subsequently selected samples were analysed by high resolusion TEM (HTEM) in an 
attempt to determine the size and morphology of the precipitates.
Figures 5.25 (a) and (b) shows TEM micrograph and electron diffraction pattern taken from 
sample 38P4 (see Table 5.8) at MSSU by Kelly[98]. One can see broad spatial distribution 
of precipitates which is centred at a depth of about 250 nm beneath the SiOg surface. Large 
precipitates are located at this depth and mean precipitates size progressively becomes 
smaller towards the wings of the distribution. Figure 5.25 (b) shows an electron 
diffraction pattern from the sample which consists of a set of diffuse rings with many 
discrete diffraction spots indicating that the precipitates are crystalline but with no preferred 
orientation.
Figure 5.26 shows a TEM micrograph talœn of sample 38P12 (see Table 5.8) carried out 
by Dr Marsh. One can see the SiO  ^surface at the lower side of the micrograph where other 
silicon substrate was glued for the purpose of supporting the sample. No precipitates were
observed at the mean projected range which is about 0.3 jXm below the SiO  ^surface.
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Figure 5.27 (a) shows TEM micrographs of sample N05 (see Table 5.8) in which one can 
see a band of silicon precipitates at about 0.4 jxm above the silicon / SiOj surface, which is
the mean projected range of the silicon atoms in SiOj implanted at an energy of 400 keV 
(TRIM calculation). Figure 5.27 (b) shows a HTEM picture of the same sample but with a 
higher magnification to show the band of precipitates of sizes about 2.5 to 7.5 nm in 
diameter. The micrograph clearly shows the facets of the silicon crystallites which are 
randomly oriented.
300 nm »-
Figure 5.25 (a) TEM mocrograph from 38P4 showing the presence of a broad 
distribution of precipitates in the SiOj. (b) Electron diffraction pattern from the same sample.
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Figure 5.26 TEM micrograph from the sample 38P12 showing no precipitates at a depth 
of 0.3 |L im .
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X 115000
Q
Si surface
Figure 5.27(a) TEM micrograph from sample N05 showing the presence of precipitates
in the Si0 2 .
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f m m
Figure 5.27(b) HTEM micrograph form the same sample as (a) but magnified at the precipitates area.
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Table 5.8 Sample list for TEM analyses at MSSU and Oxford
Sample number J(Si02)(ixm) Dose (SF cm ") EnergykeV Anneal condition
38P4-15 0.5 6  X lCf7 2 0 0 1300°C 30 minutes in N,
38P12-18 1 2 X ICf? 2 0 0 1300°C 30 minutes in N,
N05-18 1 2  X ICf? 400 1300°C 30 minutes in N,
Figure 5.28 (a), (b) and (c) show the TEM micrograph observed from a series of samples 
from 38P12 listed in Table 5.9. Figure 5.28 (a) was from a sample annealed at the same 
condition as listed in Table 5.8, (b) was from a sample annealed at 1300°C in FG and (c) 
was the sample annealed at 900°C in FG. Figure 5.28 (a) confirmed with HTEM analysis 
in Figure 5.26 that there were no precipitates observed in the sample. Figure 5.28 (b) and
(c) also failed to show any precipitates in these samples.
Table 5.9 Sample list for TEM analyses at Oxford
Sample number J(Si02)(|xm) Dose (S r  cm ") EnergykeV Anneal condition
38P12-21 1 2  X lCf7 2 0 0 1300°C 30 minutes in N,
38P12-22 1 2 X 10'? 2 0 0 1300^0 30 minutes in FG
38P12-43 1 2 X 10'7 2 0 0 900°C 30 minutes in FG
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5.12 RBS and SIMS analysis
AH the implanted samples were examined by RBS in order to confirm the inclusion of 
excess silicon in the SiO  ^matrix. Also, selected samples were examined by Secondary Ion 
Mass Spectroscopy (SIMS) in order to check the concentration profile of the included 
impurities.
Figure 5.29 shows a typical RBS spectra with 2 MeV "^ He^  incident ions recorded fiom the 
as implanted 1 |im thick SiÛ2 sample (38N12) which was implanted with a dose of 1 x 10^  ^
S r  cm " at two energies of 200 and 150 keV (see Table 4.1). As a reference, RBS spectra 
from the Si0 2  sample with no implantation is shown in the same figure. One can see the Si 
signal in the Si0 2  region from channel numbers 140 to 280, whereas oxygen in the SiOg 
signal starts from channel numbers 180 and down to 50. One can also see an increased 
signal at a depth of about 0.35 |tm. However, no other features are observed from this 
spectrum.
Figure 5.30 shows further RBS spectra with 2 MeV He^ incident ions from an “as 
implanted” sample (38P8) which was implanted with a dose of 6  x 10'" SP cm" at an 
energy of 200 keV (see Table 4.1). One can obserwe that between channel numbers 200 to 
280 there is region where the signal shows below the silicon signal in the SiOg and the 
bottom peak position was about 0.3 p,m. Also, one can observe that there are channel 
number gaps between the spectrum from the SiOg and spectrum from the as implanted at the 
Si substr ate region (a) and at the bottom of the oxygen signal (b) which is thought to be due 
to different energy loss rate between two samples.
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Figure 5.29 RBS spectrum with 2 MeV from sample 38N12 which was implanted twice into 1 pm thick SiO  ^with a dose of 1 x 10^ ’ S'f  cm^ at energies of 
200 andlSOkeV
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Figure 5.30 RBS spectra with 2 MeV %e^ from sanmle 38P8 and 1 pm SiO .^ 38P8 was 
implanted with a dose of 6  x 1 0 ^^ SP cm at an energy of 200 keV into 1 pm
thick SiOo
Figure 5.31 shows SIMS concentiation depth profiles of silicon, nitrogen, oxygen and 
carbon in sample 38N12, which was implanted twice with a dose of 1 x 10^  ^ SP cm'  ^ at 
energies of 200 and 150 keV (see Table 4.1). The nitrogen and carbon profiles have peaks 
at a depth of about 0.25 pm. The silicon peak shows a weak maximum at a depth of about
0.3 pm which is consistent with the RBS analysis mentioned above. We will discuss 
further details in Section 6.2.1,
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Figure 5.31 The concentiation depth profiles of silicon, nitrogen, oxygen and carbon from sample 38N12, which was implanted twice with a dose of I x  10^ S r  cm'  ^at energies of 200 and 150 keV (see Table 4.1) by SIMS
130
Chapter 6 Discussion
CHAPTER 6  
DISCUSSION
6.1 Intioduction
In this chapter, we discuss the results presented in Chapter 5, focusing on the origin of the 
visible luminescence from our samples. Firstly, we discuss the reliability of our data. 
Secondly, we discuss PL before theimal processing. Thirdly, we discuss PL after the 
annealing, included in this section will be a discussion of the dependence of PL on the 
processing conditions, such as implantation energy, implantation dose, annealing 
temperature and annealing time, in a nitrogen atmosphere. Fourthly, we discuss PL 
dependence on oxidization and forming gas annealing. Finally, we propose a luminescent 
model.
6.2 Data reliability
In this section we discuss the reliability of our data. There ar e two main issues to take into 
account; namely, (i) a problem due to contamination (mass/ion species) in the ion beam 
during ion implantation and (ii) the reproducibility of the PL spectr a.
6.2.1 Contamination of the ion beam during implantation
As mentioned in Chapter 4, we strove to obtain a pure silicon beam but encountered a 
contamination problem associated with or CO  ^ions within the silicon ion beam during 
the implantation process. As presented in Chapter 5, Figure 5.30 shows the RBS spectrum 
of 2 MeV "^ He^  from 38P8 which was implanted with a dose of 6  x 10^  ^ cm'  ^ at an energy 
of 200 keV (see Table 4.1). For reference purposes, a RBS spectrum from a 0.5 pm 
thermal oxide film is also shown in the same figure. The signal between channel 195 and
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280 is due to He^ ions backscattered from Si atoms within the oxide layer and a depth scale 
has been added to the spectra using software RBSSIM [99]. The differences in the two 
spectra identified as (a) and (b) in Figure 5.30 are due to different rates of energy loss of 
the He^ ions in samples 38P8 and SiO  ^on Si. In addition, one can see a significant dip in 
the spectrum from the implanted sample which is centred at a depth of about 0.3 pm. A 
familiar' problem encountered when implanting ^^ SP is the inclusion of contaminants or 
CO^ [89] within the primar'y silicon beam, which is a consequence of the use of momentum 
separation by the analysing magnet. For this reason we speculate that the observed dip is 
the silicon yield deficiency due to the included impurity atoms (N or C). We assumed that 
this is most probably nitrogen contamination as nitrogen is the more common gaseous 
species. In order to verify this hypothesis, we again employed the RBS simulation 
program, RBSSIM. Figure 6.1 shows the experimental RBS spectrum from sample 38P8 
and also a simulated spectrum from a sample SiO^/Si containing 6  x 10’^  cm'  ^ with a 
concentration - depth profile typical of 200 keV ions in the SiOj, as shown in the 
insert. It is evident that the simulated spectia closely matches the experimental data from 
which we conclude that the dip is due to included nitrogen. Unfortunately this dip 
completely masks the signal due to included silicon.
In Chapter 5, we presented the RBS spectra and Secondary Ion Mass Spectroscopy (SIMS) 
concentration-depth profiles of silicon, nitrogen, oxygen and carbon from sample 38N12, 
which was implanted twice with a dose of 1 x 10^ ’ S r  cm'  ^at energies of 200 and 150 keV 
(see Table 4.1). At the time of implantation, the ion beam analysis specti*um was as shown 
in Figure 4.4. As shown in Figure 5.29, one can see a slightly increased signal above that 
for stoichiometric SiOg at a depth of 0.3 jxm which we interpret as being due to excess 
silicon. It is difficult to see any other features in the spectra, which might signal the 
presence of nitrogen or carbon. However, as shown in Figure 5.31, the SIMS analysis, 
which has more sensitivity than RBS, yielded data that shows the presence of nitrogen and 
carbon with peak positions at a depth of about 0.25 pm whilst one can also see a small peak 
in the silicon profile at a depth of about 0.3 pm, which is consistent with the RBS analysis.
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As this sample had two energy implantations, it is assumed that the peak volume 
concentration is between the two mean projected ranges, which are 0.3 |im and 0.22 pm.
From SIMS, it is evident that there are contaminants present, namely, nitrogen (= 6.2 x
10'^ cnv\ 31%) and carbon (= 1.6 x 10'* cm'^, 8 %), although RBS failed to show any
contamination in the spectrum. We conclude that RBS is insensitive to the concentration of 
both the nitrogen and carbon contamination in some of our samples.
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Figure 6.1 RBS spectra from 38P8 and simulation result by RBSSIM
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We must admit that the RBS analysis cauied out in this project did not show evidence of 
included carbon or nitrogen whereas SIMS provided strong evidence of contamination of 
up to 31 at.% of nitrogen and 8  at.% of carbon. It is probable that other samples employed 
in this project have a similar amount of contamination as sample 38N12 even though great 
care was taken to achieve a pure beam, as already mentioned (Chapter 4, Section 4.3.3). 
However, as shown in Chapter 5, there was no visible emission from implanted SiO^, 
(see Figure 5.3) so we conclude that nitrogen related species such as Si^N  ^or a-Si(N) are 
not responsible for the visible emission.
Having shown that the samples used in this project were liable to contain implanted 
impurities such as N and C, aU samples were subsequently analysed by RBS in order to 
confirm that the upper impurity content was no greater than that detectable by RBS. Only 
samples which nominally contained at least the stoichiometric silicon content, as detected by 
RBS, were used for the PL experiments.
6.2.2 Reproducibilitv of PL
As discussed in Chapter 4, it is widely accepted that the observed PL intensity is dependent 
on the choice of optical system and, even in the same instrumental system, day to day 
vai’iations may occui* because of the high sensitivity of the system to the optical alignment 
of the spectrometer and the geometry of the sample. To minhnize this variability, we 
establish a proceduie that requhed the minimum change in the optical configuration, by 
always using the same detector, putting a position maiker on samples in the sample holder, 
setting geographical positions on the lenses and keeping the laser power at the same 
condition. In addition to the above, in order to limit “mn to mn” valuations, we employed a 
reference sample, which exhibited a stable PL signal, in order to minimize the vaiiations in 
the system, as described in Chapter 4. As described in Section 4.5.1.3, we found that the 
PL peak intensity changed by up to ± 40% from day to day and that this variability could be 
reduced to ± 1 0 % during a one day measurement period.
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With regal'd to the PL wavelength, this is determined by a spectiometer with a slit width 
which determines the resolution of the system. As described in Section 4.5.1.3, the 
accuracy of the spectrometer is within 0 . 1  nm and the resolution of the peak wavelength is 
5nm at the 3mm slit, so one can assume an uncertainty of ± 2.5 nm.
6.2.3 Interference effect
As we employed thin layers of SiOj grown on a silicon substrate, there is a possibility that 
optical interference will occur which could give rise to artefacts in the PL spectra. For 
example, some of the spectr a shown in Chapter 5 have two peaks in the PL spectra. It is 
important to understand the origin of these peaks in order to interpret correctly the 
experimental data.
Detailed analyses of optical interference is described in Appendix A. As noted in this 
appendix, the key factors that influence the interference aie the angle of incidence (6 ) of the
incident radiation, the output angle of the luminescent signal, the thickness of the film and 
the refractive index. It is assumed that the refractive index is the same for 0.5 jam and 1 jim 
SiOg samples, so the angle of incidence of the laser beam and thickness of the Si0 2  aie the 
two principal factors responsible for the differences in any interference observed fiom these 
samples. According to our calculations, which aie presented in Appendix A, only the 1 jam 
sample will be affected seriously. For example, in the case of the experimental 
configuration used at Max-Planck Institute, whilst measuring the 1 jam thick SiO  ^samples, 
an interference artefact is predicted in the range from 350 to 800 nm. However, in the case 
of measurements canied out at the University of Surrey, samples with different thicknesses 
(0.5 and 1.0 jam) were used. In the samples which were 0.5 jam thick, the observed peak 
was a genuine peak as it was in the range 550 to 1000 nm, where the artefact interference 
PL peak did not appear but, in the case of the 1.0 jam thick samples, there was interference 
as seen in the data from the Max-Planck Institute (see Figure A.2) and for this reason the
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measured PL peak wavelength from these samples can be discussed as a bend but not in 
terms of an absolute value.
6.3 PL before thermal anneal
In Section 5.2, we presented PL data from thermal SiO  ^films grown on silicon substrates, 
both before and after silicon implantation but which were not annealed. As shown in 
Figure 5.1, the PL background signal of the University of Surrey’s system is constant and 
contains no structure on a scale calibrated in arbitrary units. The PL signal from Si0 2  is 
very weak signal and featureless, within our wavelength range (550 - 1000 nm). In 
Section 5.9.3, Figure 5.22, we presented data from samples cleaved from wafer 38P11 
measured at the Max-Planck Institute (MPI). The detector at MPI is a photon counting 
system with a background level of one or two counts which is due to stray light entering 
into the system. From the as implanted sample, very wealc visible PL with a main peak 
wavelength at 450 nm and sub peaks at about 530 and 650 nm were observed. From these 
results, we conclude that within our experimental conditions intense visible PL is not 
excited from thermal SiO  ^or from SP ion implanted SiOg prior to high temperatur e thermal 
processing.
6.4 PL after annealing
In the following Sections we will discuss the PL from samples after annealing.
6.4.1 PL from implanted samples after annealing
In Section 5.3 we presented PL spectra from nitrogen implanted and annealed samples 
where the level of the intensity is flat and nearly the same as that of the background level. 
Therefore, we conclude that the N’*' implantation does not create luminescent centres nor 
does it exhibit visible PL.
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On the other hand, in Sections 5.4 to 5.7, we presented data recorded from samples in 
which s r  was implanted and the samples were subsequently annealed. After annealing, the 
samples have intense PL with PL peaks at wavelengths of 570 nm and 750 nm, depending 
on the dose, as shown in Figure 5.9. This data shows that heat treatment of the SiO  ^
supersaturated with silicon gives rise to visible light emission. As discussed in Section
6.3, unannealed samples do not exhibit PL signals within 550 nm to 1000 nm and we 
conclude that SP implantation and subsequent annealing process is essential to get visible 
emission.
6.4.2 Measurement temperature dependence of PL
As presented in Section 5.4, spectra were recorded over the temperature range 80 K to 300 
K. Figures 5.4 (a) and (b) show results recorded from samples with low and high doses. 
Both data indicate that the PL peak wavelengths are 590 and 750 nm, over this temperature 
measurement range. The PL intensity from low dose sample changes from 50 AU at 80 K 
to 42 AU at 300 K, whereas the intensity of the PL from the high dose sample changes 
from 40 AU at 80 K to 50 AU at 300 K. These results can be compared with published 
data by Kanemitsu et al [47], in which they demonstrate the intensity gradually increases 
with decreasing temperatuie down to at least 100 K. This tendency is found to be 
dependent on precipitate size. They also showed that with decreasing temperature down to 
100 K, the PL intensity from larger precipitates is increasing, whereas the intensity from 
smaller precipitates continues to increase with decreasing temperature down to 80 K. It can 
be assumed that low dose samples have smaller precipitates than high dose samples [79] 
which is consistent with their experiments. They concluded that the temperature 
dependence of PL is due to the balance of radiative and non-radiative recombination 
processes associated with surface states, where, at higher temperatures non-radiative 
recombination processes increase which leads to lower intensity. Although they did not 
clarify the reason for the size dependence on the change of the intensity. Based on thefr 
observation, we can speculate that the intensity fr om the low dose samples will decrease at
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lower temperatures such as 4 K. With regard to the pealc wavelength, our results are 
consistent with published data, as mentioned in Section 2.2.2, where Motohiio et al [31] 
observed similar PL spectra from porous silicon at temperatures ranging from 77 to 300 K. 
He concluded that, as the PL from the Si nanostructures is independent of the measur ement 
temperature, the origin of this emission is simply not due to quantum confinement but more 
probably due to two silicon clusters connected by a polysilane bridge. We found that the 
PL spectra from our' samples are insensitive to the measurement temperature and hence 
decided to conduct the majority of our' subsequent measurements at room temperature.
6.4.3 PL dependence on annealing temperature
In Section 5.5, we presented PL data recorded from samples annealed at different 
temperatures. As indicated in Figure 5.5, the peak intensity occurs at about 760 nm and is 
insensitive to anneal temperature. Figure 5.7 shows results from other samples which had 
different pealc wavelengths, about 590 nm, where the shift of the peak wavelength is 
weakly dependent on annealing temperature. According to the theory described in Section
3.3, a higher annealing temperature should give a higher diffusion rate of silicon within the 
SiOg mati'ix which will lead to the growth of larger precipitates. According to theoretical 
calculation by Delerue [27], described in Section 2.2.1, bigger precipitates give emissions 
at longer wavelength, however, the results shown in Figui'e 5.5 are inconsistent with 
Deleme’s theoi'y.
We find that the PL peak wavelength is relatively insensitive to anneal temperature and 
conclude that this is because the emission is insensitive to the precipitate size.
6.4.4 PL dependence on annealing time
In Chapter 5, we presented Figure 5.6 which showed the PL peak wavelength recorded 
from sample (38P4, see Table 4.1) as a function of annealing time where the peak
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wavelength shifts from 770 nm to 740 nm with an increase in annealing time. From the 
theoiy of Ostwald ripening, described in Section 3.3, it is expected that an increasing 
anneal time will result in laiger precipitates. Figure 6.2 shows the statistical analysis from 
TEM micrographs taken by Kelly [98]. The sample was 38P5 (5000 Â SiOj layer, 
implantation energies of 200 and 150 keV, 1 x 10'  ^SP cm'  ^at each energy; see Table 4.1) 
and annealed at 1300°C for times ranging from 15 to 120 minutes in a nitiogen atmosphere. 
According to Kelly’s data, the mean precipitates size changes from 90 Â at 15 minutes to 
160 Â at 120 minutes and the distribution of the precipitate size follows the implanted Si 
concentration distribution, whose peak is 1500 Â above the interface between the silicon 
substrate and the SiO  ^layer. This depth is consistent with calculated data generated by 
TRIM [94]. Thus the TEM data also shows that the precipitates grow in size with 
increasing anneal time, which is consistent with the theoiy described in Section 3.3. 
However, experimental results in Figure 5.6 showed that there was no strong time 
dependence on the position of the PL peak although the pealc has a slight tendency to move 
to a shorter wavelength with increasing annealing time. Figure 5.7 shows the annealing 
time dependence of the PL peak wavelength from samples (38N4, see Table 4.1) annealed 
for 30 minutes and 120 minutes. Only a small shift in the peak wavelength is observed 
from 585 nm to 605 nm from which we conclude that the PL peak wavelength is insensitive 
to annealing time within the temperature range from 900°C to 1300°C.
From Sections 6.4.1 to 6.4.4 we demonstrate that the PL peak wavelength is not directly 
related to the annealing temperature and time although annealing time and annealing 
temperature can be regarded as affecting the precipitate size, as described above. We 
conclude that the PL wavelength is not sensitive to the precipitate size and this, we believe, 
is one piece of evidence that the origin of luminescence is not simply due to quantum 
confinement.
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Figure 6.2 Statistical analysis of distribution of precipitates from TEM micrograph canied out by Kelly [9 8 ].
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6.4.5 Dependence on oxidization of precipitates
The oxidization experiment at 1000°C , described in Section 5.8, served to reduce the size 
of the silicon precipitates, as shown schematically in Figure 6.3. The assumption is that 
there is a flux of oxygen from the surface to the silicon substrate. It is assumed that oxygen 
oxidizes the pre-existing silicon precipitates in the SiO  ^matrix and, due to oxidization of the 
silicon substrate, there is an increase in the thickness of the SiO^. The PL exhibited a 
distinct trend with increasing oxidization time, namely, the peak wavelength shifts to a 
shorter wavelength (blue shift) and the intensity first increases after 2 0  minutes oxidization 
and then is reduced to the background level after 60 minutes oxidization time. These results 
aie pai'tly consistent with the results of Peti'ova-Koch et al [42] described in Section 2.2.2 
in that they found that the PL peak intensity increases after 900°C for 30 seconds rapid 
thermal oxidization, which is the same trend as our experiment, but that the PL peak 
wavelength does not change, which is not consistent with our work. Unfortunately, we 
cannot make further compaiison as they did not report data from samples oxidized for 
longer times or at higher temperatures.
Figure 6.4 shows the TEM analysis canied out by Kelly [100] of the size of the precipitates 
in the oxidized samples. Before oxidization, the mean precipitate size was 140 Â at the 
pealc of the population, after 20 and 40 minutes oxidization, the mean size of the 
precipitates was reduced to 130 Â and 100 Â, respectively, and after 60 minutes anneahng 
no precipitates could be observed. The peak position shifts from 1500 Â from the interface 
between the silicon substrate and the SiO  ^ layer, to 2 2 0 0  Â, but we speculate these 
dimensions contain lai'ge experimental uncertainty due to difficulty in TEM sample 
preparation and conclude that the discrepancy with data shown in Table 6.1, is not 
significant.
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Figure 6.3 Schematic diagram of the oxidization experiment
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Figure 6.4 TEM analysis of the mean precipitates size in oxidized samples[100]
One can estimate the oxidation rate during this process by using the model developed by 
Deal and Grove [101].
Figure 6.5 shows a schematic model of the oxidation process. For the oxidizing species to 
reach the oxide/Si interface, they must go through three consecutive steps:
1. They must be transported from the bulk of the gas to the oxide/gas interface when 
the flux is Fj and the concentration of oxygen is Co,
2. They must diffuse across the oxide layer towards the silicon substrate with 
diffusion flux Fg, which is independent of depth,
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3. They must react at the silicon surface and form fmther SiOg where the flux is F3 and 
the concentration of oxygen is C,.
According to this model, the following equation was foimulated by Deal and Grove [101]
(&1)
Gas Oxide
X o
Co
Silicon
Ci
FI F2 F3
Figure 6.5 Schematic model of the oxidization process [101]
r \
X  = 14- ?4-T 
AB J
- 1 (6.2)
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where x  is the thickness of the oxide at a given time, t and t  aie shifts in time axis which 
correct for the presence of an initial oxide layer Xj (x = Xj, t = 0 ) given by
r = (6.3)
A and B are constants which depend on the paiticular set of oxidation conditions. 
According to Grove [102], in the case of diy oxidation at a temperature of 920°C, values of 
A and B are A = 0.235 [p.m] and B = 0.0049 [[im /^hi'].
In order to calculate the oxidization of the precipitate, three assumptions were made, (1) 
precipitates which give rise to PL are at a depth Rp, in this experimental case, Rp was 
3000 Â, (2) the process of oxidization of the precipitates is the same as the <111> bulk 
silicon, and (3) A and B aie applicable at a temperature of 1000°C.
Table 6.1 shows the calculated thickness of oxide expected to be grown at a depth of 3000 
Â as a function of oxidization time. According to these results, the rate of increase in SiO  ^
thickness is lineai* with time and a growth rate is approximately 1 Â/min. If one assumes 
that the precipitates aie oxidized at this rate, then the initial maximum size of the precipitates 
responsible for the PL emission is expected to be no greater than 80 Â because the PL 
disappeais after an oxidization time of 40 minutes when we assume the precipitates have 
been annihilated. We conclude that the smaller precipitates must play a dominant role in the 
process of visible light emission. According to Kelly’s observation, the maximum 
precipitate size before oxidization was 140 Â, which is much greater than our estimate. On 
the other hand, the swelling of the silicon substrate in Kelly’s data is also too large 
according to this analysis. Thus we assume that due to the difficulty of TEM sample 
préparation, the determination of the peak position may contain considerable inaccuracies.
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According to Deleine et al [27], an 80 Â precipitate size is too laige for the associated band 
gap widening to be responsible for light emission with an energy of 1.65 eV (~ 750 nm) 
(see Section 2.2.1). Although the PL data shown in Figure 5.13 exhibits a size effect, it is 
not consistent with published theoretical calculations which suggest that the precipitates 
which give rise to emission at 1.65 eV range in size from 30 Â to 60 À as discussed in 
Section 2.2.1 [5,18,22,27,29].
We conclude that under our experimental conditions the wavelengths of the luminescence is 
not directly related to precipitate size and this is a further indicator that quantum 
confinement is not the main origin of the luminescence.
Table 6.1 Calculated thickness of oxide at a depth of 3000 Â as a function of oxidation time.
t (minutes) Calculated thickness of oxide (A)
0 0
1 0 9
2 0 19
30 29
40 39
50 48
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6.4.6 Dose dependence
In Section 5.7 we presented data from samples implanted with various doses. As shown in 
Figure 5.10, the PL intensity appeared abruptly from samples implanted with a dose greater 
than 1x10^^ SP cm' .^ The PL peak wavelength is in the range of 590 nm to 780 nm from 
an implantation of 2 x 10^  ^SP cm'^ to 6  x 10*^  SP cm'  ^(see Tables 5.5 and 5.6). There are 
three points that should be noted: (a) the same range of pealc wavelengths were observed 
from samples which have different SiO  ^ thickness (0.5 |Lim and 1.0 |im), therefore, the 
optical interference, as discussed in Appendix A, which is dependent on the SiO^ thickness, 
is not responsible for these PL spectra, (b) the luminescence appears only from samples 
which have a dose greater than 1x10^^ SP cm"^  and (c) the luminescent peak wavelength is 
in range 590 nm to 780 nm in the dose range from an implantation of 2  x 10^  ^ SP cm'  ^ to 6  
x 1 ()" SP cm ".
We assume that the peak volume concentration of the implanted silicon is proportional to 
the dose and that the precipitate size increases with increasing dose, as described in 
Sections 3.2.5 and 3.3, in which case the red shift of the peak PL position from 590 nm to 
780 nm can be related to a difference in the precipitate sizes. This size dependency of the 
peak position is only observed in samples implanted with significantly different doses and 
otherwise similarly processed in terms of annealing temperatme and time.
6.5 Significance of the role of forming gas annealing
As mentioned above, there is relatively little dependence of the PL peak wavelength on 
annealing conditions or oxidization experiments. As the precipitate size is expected to vary 
with these parameters and as we detect only a marginal shift in the PL peak wavelength we 
conclude that the visible emission cannot be solely dependent on quantum confinement. 
Thus it is necessary to consider an additional mechanism for the PL such as Si/SiO^ 
interface states. As described in Chapter 2 in the context of PL from porous silicon.
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modification of the interface condition by oxidization will affect the PL characteristics. We 
employed forming gas to introduce hydrogen into the sample in order to modify the local 
atomic bonding in the vicinity of the Si/SiO^ interface.
Experimental details were presented in Sections 5.9.2 and 5.9.3. In general, we observed 
that the PL peak intensity is greater after annealing in forming gas but the PL peak 
wavelength did not change. As shown in Figure 5.22, the sample annealed for just 3 
minutes at 900°C in FG exhibited a dramatic increase in PL peak intensity when compared 
with that from the as implanted sample. However, after hydrogen annealing, at 800°C for 4 
hours, the intensity was further increased, also, without a wavelength shift as shown in 
Figure 5.15. To further confirm this observation, additional samples were similarly 
annealed in forming gas and Figme 5.16 shows the photoluminescent spectra recorded after 
each anneal stage. With these samples it is evident that the intensity of the 
photoluminescence increases as a result of annealing in the hydrogen ambient at 900°C for 
up to 3 hours but after an anneal time of 3 hours, the PL intensity saturates. The shift of 
the peak wavelength between 3 and 4 hours annealing time is assumed to be due to an error 
in the wavelength scale.
These experiments demonstrate that a second thermal anneal in a forming gas atmosphere 
systematically enhances the PL intensity by a factor of up to 2, although higher temperature 
annealing (1300°C) in a hydrogen atmosphere quenches the luminescence as shown in 
Figure 5.14, which we speculate is due to hydrogen out-diffusion [103]. In contrast, the 
samples annealed in Ar* did not exhibit any significant change in the PL intensity as shown 
in Figure 5.14. We speculate that the enhancement is due to diffusion of hydrogen and the 
subsequent attachment to dangling bonds, associated with the local interfaces of the Si 
nanocrystals, in the SiO  ^matrix. Hydrogen is known to modify the optical and electrical 
properties of amorphous and polycrystalline silicon [104], which contains many dangling 
bonds. Also, it is reported that a hydrogen anneal enhances the intensity of the 
luminescence from porous silicon [105]. It is the balance of the excitation, radiative and
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non-radiative recombination processes at centres such as dangling bonds, where electrons 
are trapped, that control the observed luminescent intensity, and, thus, the presence of 
hydrogen, which can bring about local bond reordering and the passivation of dangling 
bonds strongly affects the luminescent intensity.
Moreover, Johnson et al [103], demonstrated that hydrogen tends to attach near" the SiOj/Si 
interface rather than in the SiOg or Si matrix. This means one can assume that the surface 
dangling bonds of the precipitates were passivated by hydrogen atoms after annealing in a 
hydrogen atmosphere. As described in Section 2.2.3 [44,45], hydrogen terminates the 
dangling bonds which are situated at the Si/SiOj interface. In our experiments the intensity 
of the PL, after annealing at 900 °C in a hydrogen atmosphere, was increased by a factor of 
two so we conclude that dangling bonds are associated with one of the main non-radiative 
recombination pathways.
The presence of dangling bonds, as non-radiative recombination centres, can be invoked to 
explain the reason why a higher annealing temperature (1300°C) in hydrogen annihilates the 
luminescence. Mikkelsen, Jr [106] demonstrated that the hydrogen can diffuse in the 
matrix with increasing temperature. Therefore, after excess high temperature annealing, the 
hydrogen will dissociate from the silicon dangling bonds, at the interface between 
precipitate and surrounding SiO^, and diffuse out which leads to the quenching of 
luminescence.
6 . 6  Difference between silica and SiO./Si samples
In Section 5.9.3, we demonstrated that although there was no significant visible 
luminescence from an unannealed sample, just a 3 minutes anneal at 900°C in forming gas 
(FG) was enough to obtain strong visible luminescence. Strong visible PL emission has 
been observed from all the samples (SiOj and silica glass) implanted with SP and annealed 
at 900°C in FG (see Table 5.7). The emission from the quartz samples after SP
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implantation and subsequent annealing was contained within a single broad PL peak centied 
on 440 nm whilst the PL spectrum recorded from the SiO/Si samples exhibited several 
peaks with, however, the most intense peak being centied on 440 nm (Figures 5.19 and 
5.20). The peak positions were independent of anneal time. The relative intensity of the 
440 nm emission was significantly reduced during an anneal at 1300°C in niti ogen.
Prior to SP implantation, the SiO  ^and silica samples exhibited PL emission only at 380 nm 
(~ 3.26 eV) due to pre-existing defects believed to be a manifestation of oxygen-vacancy
defects [107] and, thus, we associate the visible emission to radiation defects or second 
phase inclusions in the implanted material [61]. Also, as described in Section 6.2, we note 
a significant physical difference between the quartz and the SiO^/Si samples, namely the
former is a thick slab of quartz (thickness « 1 mm), while the SiOg/Si samples consist of a
1 p,m (or 0.5 pm) high purity thermal SiO  ^ layer on a silicon substrate. Based on data 
shown in Figures 5.20, 5.21 and 5.22, we propose that these spectra from SiO/Si samples 
recorded over the wavelength range 300 to 800 nm have an effect caused by optical 
interference (Appendix A) within the layered samples, as discussed in Section 6.2.3.
As presented in Section 5.11, HTEM has been carried out on sample 38P12 but no 
precipitates could be observed. We conclude that either there are no second phase 
precipitates, which is unlikely [1 0 0 , 108], or the precipitates in these samples are too small 
to be resolved under our analysis conditions, when we assume their diameter to be < 1 nm. 
Moreover, from Figure 5.21, it is apparent that just 3 minutes annealing at 900*^ 0 in FG 
gives rise to a large increase in the luminescent intensity. One can assume that this anneal 
does not increase the precipitate size significantly as TEM from the sample with longer 
anneal time fails to image the precipitates (see Figuie 5.28), the samples had not been 
previously annealed, thus, from the two results mentioned above, it would appear that 
small precipitates or clusters aie required for visible emission where the role of FG is to 
annihilate the non-radiative recombination pathways.
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We conclude that the mechanism for the luminescence is associated with states at the 
Si/SiOg interface between precipitates and the surrounding matrix material (SiO^) because 
the recombination is relatively insensitive to the size of the precipitates but sensitive to 
modification of the atomic bonding at the interface. In addition, we conclude that the 
dominant precipitates ar e much smaller than 1 nm.
6.7 Structure and dynamics of PL
The experimental results in Section 5.10 confirm the conclusion in the previous Section 
6 .6 . The observation of PL structure was carried out using silica samples implanted with a 
dose of 2 X  10^ " SP cm'" at an energy of 200 keV in order to avoid any interference effects 
and also to enable comparison to be made with other published work. As shown in Section
5.10, the energy interval (Stokes shift [AE]) between the excitation energy and the highest
calculated energy PL peak (EJ is indicated in Figure 5.24. It is evident that the Stokes shift 
depends on the excitation energy and is appreciably larger than the phonon splitting energy 
[109-111], which is essentially constant. We conclude that the large Stokes shift is mainly 
caused by exciton-phonon interactions [108,111]. The experimental values of the splitting 
are approximately 138 meV which is much larger than the reported energy of 57 meV for 
TO phonons in crystalline silicon [109,110]. This large difference cannot be explained 
simply by the exciton-phonon coupling in the Si crystallites, as excitons are highly localized 
within the nanocrystals, whilst the PL structure does not corxespond to phonon spectra in 
bulk Si. Instead, this energy is almost equal to the local vibrational energy of the Si-O 
stretch mode (~ 1100 cm'^) [112]. The coupling of excitons and surface silicon oxide 
vibrations are expected to increase with localization of excitons in smaller dimensions 
[113]. As shown in Figure 5.19, the PL structure was observed at high temperatures (300 
K), although the phonon-related PL structures in porous Si are reported to be only 
observed at low temperatures, typically below ~ 100 K [114]. The luminescent properties 
of the nanocrystals in these SP implanted silica samples resemble, more closely, the
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emissions from molecules rather than a solid which, we propose, is due to the strong 
coupling of excitons and local vibrations, which are usually observed in isolated small 
molecules at room temperature [115].
Figm'e 6 . 6  shows the detailed temperature dependence of the integrated PL intensity
recorded from a sample under 2.707 eV excitation, (see curve b, Figm'e 5.24). The PL
intensity gradually decreases with increasing temperatme which can be understood in terms 
of the adiabatic potential model where excitons first relax to the local minimum of the 
potential for excited states and then drop back to the ground state by radiative or non- 
radiative recombination processes [116]. Under these conditions, the temperature 
dependence of the luminescent intensity I (T) can be described by the relation [116]:
I(T) oo R/[R^ + R^exp(-W/kT)] (6.4)
where is the radiative recombination rate, the non-radiative recombination rate, and 
W the height of the potential for the non-radiative process. This conventional relation is not 
applicable to the explanation of our observation. On the other hand. Street [104] proposed 
a phonon-assisted tunnelling model for a-Si:H in which the luminescent intensity is 
conti'olled by non-radiative processes when the following relation is obtained:
I(T) oc R/[R^ + R^exp(T/To)], (6.5)
where Tq is the characteristic temperature. Using the above equation, we can fit the 
temperature dependence of the luminescent intensity, where R^/R  ^=21.8 and T  ^= 340 K 
by the the solid line shown in Figm'e 6 .6 . In this model the excitons undergo phonon- 
assisted tunnelling from the radiative recombination centres to the non-radiative centres. 
The PL intensity is detei*mined both by the localization of excitons and non-radiative 
processes.
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Moreover, the PL decay profiles are stretched quasi-exponential (sti'etched exponential 
[121]) even at low temperatme, at 77 K, as shown in Figure 6.7, and they are well 
described by
I(t) = Iq exp Ht/xf] ,  (6 .6 )
where T is an effective decay time, P is a constant between 0 and 1 and L is a constant. The 
solid lines in Figure 6.7 are given by the above function and the value of the decay time (e)
can be determined using a least-squares fit to the data. The values of % range from 80 to
170 ps. It is noted that the lifetime in this SP-implanted silica glass is much shorter than the 
measured lifetime of porous Si and surface-oxidized Si nanociystals [117]. This stretched 
exponential decay is usually observed in the PL decay and transport properties of 
disordered systems [104,117]. The fast PL decay, in the picosecond time region, is 
determined by the non-radiative recombination decay rate. The temperature dependence of 
the PL intensity and the stretched exponential PL decay provide strong evidence for the 
localization of excitons in small dimensions which support the proposal that phonon- 
assisted non-radiative processes aie contiolling the PL properties of SP implanted silica.
In porous Si, step-like phonon PL structures, due to TO phonons, are clearly observed in 
the PL spectia recorded at low temperatures (< 70 K), by reducing the excitation laser 
energy below 2 eV (resonant excitation) [118-121]. The step-like PL structures observed 
by Calcott [118] suggest that the ~ 3-nm Si nanocrystalhtes in his samples have an indirect 
band gap. Theoretical calculations by Suemoto et al [120] suggest that the step-like PL 
stmctures reflect the phonon-assisted absorption process rather than the light emission 
process. In porous silicon, visible luminescence is observed after high-level vibration 
excitation of the Si-O-Si and/or SiH  ^vibration bands [122,123]. These experiments clearly 
show that the surface state and the phonon-assisted processes play an important role in the
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absorption and PL excitation processes. However, these crystalline silicon phonon-related 
and step-like PL strirctures under resonance excitation are not observed in our sample. 
Instead, the peak PL strirctures in the PL spectrum are clearly observed in the PL from Si 
precipitates in SiO  ^glass under resonance excitations, as shown in Figure 5.24. These 
peak PL structures are clear* evidence that exciton and Si-0 vibrational coupling dominate 
the luminescent processes in the small silicon nanostr*uctures. Our results are in good 
agreement with the expected peak PL structure in the PL spectra from systems where 
phonon-assisted luminescent processes determine the emission structure [118,120]. Since 
tire Si-0 bond is polar*, the coupling of excitons and stretch vibrations of surface species 
increase with localization of excitons in smaller dimensions, thr ough theFrohlichinteraction 
which is described by Merlin et al [124]. The relative strength between Frohhch and 
deformation-potential contributions depends strongly on the size of nanocrystals and 
precipitates. In particular, in non-polar Si and Ge nanocrystals, the interaction strength 
between excitons and vibrations depends on either* polar* (Si-O bonding) or* non-polar (Si-H 
bonding) surface str*uctures.The Frohlich interaction increases with decreases in the size of 
the Si nanocrystals and precipitates with polar* bonding. Resonantly excited PL spectra 
from Si nanostr*uctures would reveal the visible luminescent mechanism from Si quantum 
str*uctur*es and materials.
In summary, the observed luminescence is understood in terms of the locahzation of 
excitons within ver*y small dimensions. The coupling of excitons and polar* Sr-O-Si 
vibrations cause PL stmctures in the luminescent spectra. Our experiment provides 
evidence that the interaction between excitons and Si-O vibrations, at the Si/SrO^ interface, 
dominate the luminescent properties of Si nanocrystals in a SiO  ^matrix.
From the discussion in Sections 6.2 to 6.7, we draw the following conclusions;
(1) Silicon supersaturation of the SiO  ^matrix and subsequent annealing are essential in 
order* to obtain a visible PL emission from SP implanted thermal SiO .^
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(2) The PL peak wavelength is relatively insensitive to annealing temperature and time 
and this indicates that the PL wavelength is not solely defined by the size of the 
precipitates. This is a supporting factor in the argument that quantum confinement 
is not the main origin of the luminescence. The oxidization experiment supports 
this assumption, because dehberate reduction of the precipitate size by oxidization 
fails to produce a significant blue shift of the PL peak wavelength.
(3) PL structure and time resolved PL experiments provide evidence for the source of 
the luminescence to be associated with small precipitates as the measured Stokes 
shift is not consistent with crystalhne silicon. Moreover, the temperature 
dependence of the PL intensity and stretched exponential PL decay provide strong 
evidence that the locahzation of excitons, in regions of small volume, are controlling 
the PL properties.
(4) TEM observation failed to image any precipitates in the samples exhibiting strong 
PL. This supports the idea that the origin of the PL is associated with small 
precipitates which are smaller than the resolution of TEM, (say < 1 nm).
6 . 8  Proposed luminescent model
The above discussion has demonstr ated that there is less evidence in favour of the quantum 
confinement theory than there is for surface state effects. We conclude that the weak 
dependence of the PL peak wavelength on annealing conditions and oxidization of 
precipitates is evidence for the precipitate size not being directly responsible for the visible 
emission. Moreover, as forming gas effects dramatic changes in the PL intensity, this 
suggests that the emission originates from the interface of the precipitates and surrounding 
SiO .^ In addition to these facts, time resolved photoluminescence experiments demonstrate
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Figure 6.8 Schematic of proposed visible luminescent model
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that phonons play an important role in the luminescence. In this section, we propose a 
possible luminescent model based on the above observations.
We assume that the silicon precipitates, created by silicon implantation and subsequent 
annealing, can be considered to be quantum wells or quantum dots in the SiO .^ Figures 6 . 8  
(a) and (b) shows a schematic of the proposed model and its band diagram. This physical 
model consists of three parts: (1) silicon precipitate, (2) a transition region, and (3) the 
surrounding SiO^. Photoexcited caniers are generated in the silicon precipitate region 
where the band gap is widened due to quantum size effects; where the size of the precipitate 
is assumed to be smaller than 1 nm. For reference purposes, the bulk silicon band gap is 
included in Figure 6 . 8  (b). The transition region (2) is defined as the region where there is 
a mixture of Si-0 or Si-H or Si-O-H bonding and, according to Takeda [125], theoretical 
calculations of the band gap energy in an oxidized two-dimensional silicon sheet, 
terminated by hydrogen, indicate that the Si-O-H compound has a band gap within the 
range from 1.6 to 2.7 eV. Thus, the possible location of the radiative recombination 
pathways, which give rise to emissions over the range from 780 nm (1.59 eV) to 450 nm 
(2.76 eV), may be in this region. Due to the variation of the ratio of Si, O and H with 
distance from the core, the emission band gap varies which is why the PL spectra show 
broad peaks. Lastly, the SiO  ^region, which surTounds the silicon precipitate and transition 
region, plays a role in the confinement of excitons because of its high band gap (- 9 eV).
According to this model, the photogeneration of the excitons mainly occurs within the 
silicon precipitate core (1). Some of these excitons are localized within the transition region
(2) with assistance from the vibrational binding of Si and oxygen or phonons. The 
obserwed PL is then caused by the radiative recombination of the excitons which are 
confined in this region. In this model, the PL peak wavelength is not sensitive to 
precipitate size because, as long as the broadened energy is higher than that in the transition 
region, excitons ar'e localized within the transition region. On the other hand, if the
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precipitate is so large that the band gap is less than the energy of the transition core, PL 
emission will not be able to occur.
This model can explain the PL intensity enhancement after hydrogen annealing. As 
described above, the luminescent centres are in the transition region (2) where Si-O-H 
bonds play an important role. However, if there is a lack of hydrogen in this region, the 
silicon dangling bonds act as non-radiative recombination centres and dominate the 
recombination processes which leads to low intensity.
With reference to the oxidization process described in Section 6.4.5, the precipitates shrink 
in size and this leads to a wider energy gap in the precipitate core and, at the same time, the 
transition regions are modified due to oxidization. For larger oxidization times, the energy 
gap in the tr ansition region becomes larger because the transition region changes from SiO  ^
(0 < X  < 2) to the bulk SiO^ and the radiative energy is higher (blue shifted). However, as 
the oxidization continues, the silicon dangling bonds also increase because excess oxygen 
is diffusing through the matrix to the Si precipitates which modifies the Si/SiO^ interfacial 
region, which reduces the intensity of the luminescence. Finally, the silicon is completely 
consumed by oxidization which leads to the disappearance of the PL signal.
As described in Section 2.2.3, Koch et al [55], Duan et al [58] and Kanemitsu et al [54] 
proposed similar* models which described carder related processes occuning in small 
silicon precipitates. They invoked quantum confinement and carder localization at the 
Si/SiOg interface region where transitions occur which leads to luminescence. In the case 
of Koch et al, the model proposed was based on surface defects which are situated around 
the microcrystalline silicon. They speculated that due to size dispersion of the silicon 
nanocrystallites, there is a broad distribution of surface states which is the reason that the 
PL exhibits to broad spectrum. However they failed to give the relationship between the 
size of the nanocrystallites and the distribution of surface states. Moreover, the results of 
our oxidation experiment cannot be explained by their* model because their* model cannot
160
Chapter 6 Discussion
explain the blue shift of the PL peaks during the oxidation. In the case of Duan et al, their 
main objective was to explain the bimodal PL phenomena which they observed from their 
samples. They proposed the surface state transition but failed to mention the nature of the 
surfaces states. They speculated that the photoexcited excitons transfer to the surface 
region by tunnelling but there was no clear* evidence for* this. Finally, in the model 
proposed by Kanemitsu et al, they stated that there was an interfacial layer between the 
crystalline core and the surrounding SiO^, which is similar to the model proposed here. 
However, they suggested that the core size was 5 - 7  nm but did not clarify how the 
exciton moved from the generation region, which is the silicon core, to the interfacial 
region. Our experiments suggests that the size of silicon precipitates is much smaller* than 
that quoted above and there is clear evidence that the phonons interact with the carrier 
transition, from precipitate core to transition region as described in Section 6.5. However, 
it is possible to have several luminescent states in the transition area which we assume is the 
reason for the broad width of the PL emission. Thus our model can explain the 
experimental results achieved by Koch et al, Duan et al, and Kanemitsu et al.
We conclude that the model proposed here provides the best description to date of the 
mechanism responsible for* visible PL from silicon nanostructures.
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CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
7.1 Conclusions
We have successfully demonstrated visible light emission from silicon nanostructuies 
fabricated by SP ion implantation into a SiO  ^ matrix and, also, emission from implanted 
silica. Visible light emission is in the red, orange and blue range and has been observed by 
eye. From this study the following summaries and conclusions can be drawn;
1. Silicon nanostructures have been synthesized in a SiO  ^matrix by using silicon ion 
implantation and subsequent annealing. Various doses from 2 x 10^ ® SFcm'^ to 6  x 
10*^  SPcm'^ and implantation energies in the ranges from 50 to 400 keV have been 
employed and samples have been annealed over the temperature range from 900°C 
to 1300°C in Ng, Ar, and forming gas (FG). Characterization techniques including 
RBS, SIMS, PL and TEM have been employed in order to investigate the structural 
and optical properties.
2. The implanted silicon atoms gave rise to a supersaturated solid solution of Si in
SiO ,^ the composition of which was quantified by RBS and SIMS analysis. It was
found that there were discrepancies of up to 13% in the retained dose of As'*' 
implanted into bulk silicon and a thermal SiO  ^film, which we assume is due both to 
tire charging effect of the insulating SiO  ^substrate and incomplete suppression of 
secondary electrons. SIMS analysis of implanted samples revealed that there was 
contamination of nitrogen and carton in the ion beam. Particular* implanted samples 
contained up to 31% of nitrogen and 8 % of carbon as well as excess silicon. RBS 
analysis failed to detect these impurities because of its lower sensitivity than SIMS.
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3. No significant visible photoluminescence (PL) was observed from unimplanted 
SiO  ^and nitrogen implanted and annealed samples. Very weak PL was observed 
from the SP implanted sample before annealing. Visible PL was observed from 
samples annealed in nitrogen at a temperature of 900°C to 1300°C for 15 minutes to 
2 hours. However, PL peak wavelengths were only weakly dependent on 
annealing temperature and annealing time. It is concluded that the PL peak 
wavelength is not strongly dependent on the silicon precipitate size.
4. It is observed that the PL peak intensity appeared abruptly from samples implanted 
with a dose greater than 1x10^^ SP cm'^ and the PL peak wavelength is red-shifted 
with increasing dose. It must be concluded that there is a str ong interplay between 
the dose and the PL peak wavelength.
5. After a second thermal processing at lower annealing temperatures up to 1000°C in a 
forming gas (FG) atmosphere, which contains 10% hydrogen and 90% nitrogen, 
the PL intensity increased by a factor of up to two. It is concluded that hydrogen 
plays an important role in annihilating non-radiative recombination pathways 
through its effect on dangling bonds.
6 . TEM analysis revealed precipitates in a sample (N05) which had been implanted 
with a dose of 2 x lO^^SPcm'^ at an energy of 400 keV and subsequently aimealed 
at 1300 in Ng for 30 minutes. It is assumed that these were microcrystalline 
silicon precipitates in the SiOj matrix. Subsequent HTEM analysis from the same 
sample clearly confirmed this conclusion as it was possible to image 
microcrystalline precipitates in the SiO  ^matrix whose size was from 2.5 nm to 7.5 
nm.
7. Samples (38P12) implanted with a dose of 2 x 10*^  SP cm'^ at an energy of 200 keV 
and annealed at 900°C and 1300°C in or FG for 30 minutes were investigated by
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TEM. Although we obseiwed microcrystalline precipitates in the SiO  ^ matrix as 
mentioned above, the failure to observe precipitates in three 38P12 samples, even 
after high temperature annealing, led to the conclusion that with these samples the 
implanted silicon atoms ar e present in the form of very small precipitates of diameter 
less than about 1 nm.
8 . The luminescent properties can be understood in terms of the localization of 
excitons in very small Si nanostructures and the coupling of excitons and polar Si- 
O-Si vibrations which gives rise to the fine structure in the luminescent spectra. It 
is concluded that the interaction between excitons and Si-O vibrations in the vicinity 
of the interface between the silicon nanocrystal and the SiO^ matrix control the 
luminescent properties of the synthesized structures.
9. A ruodel to describe the emission of visible light is presented based on a three 
region structure consisting of Si nanocrystal, interfacial transition region and 
surrounding SiOj matrix. The interfacial transition region consists of the Si-O-H 
compound which has a band gap within the range from 1.6 eV (780 nm) to 2.7 eV 
(450 nm). Quantum confinement of free carriers and excitons may occur in the 
nanocrystalline silicon precipitate, however, the interfacial transition region, 
between the silicon precipitates and the surrounding SiO^, determines the 
photoluminescent properties. Experimental results suggest that the surface states, 
influenced by the composition of the interfacial transition region, assumed to be
SiO^ (0 < X < 2), and dangling bonds, play a dominant role in controlling the PL 
intensity and efficiency of emission.
10. The objectives of this project have been achieved firstly by realizing visible light 
emission from silicon nanostructures formed by ion beam synthesis and secondly 
by proposing a model to describe the probable origin of the visible light emission.
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7.2. Suggestions for future work
7.2.1 Structural studies
Although great efforts have been made, it has proved difficult to determine the structuie of 
the silicon precipitates, even with HTEM, as it is difficult to image small silicon precipitates 
embedded within a SiO^ matrix. To overcome this limitation of HTEM, it would be 
appropriate during further studies to employ. Small Angle X-ray Scanning (SAXS) to 
quantify the precipitate size [126].
An alternative route to investigate the structure of second phase precipitates in SiO  ^would 
be to implant an alternative higher mass group IV element such as Ge rather than silicon, 
which could be more easily obseiwed using standaid techniques such as RBS and TEM.
Another way to exploit the stiuctuie of the precipitates might be by employing Atomic 
Force Microscopy (AFM). If one exposes the buried precipitates by etching the SiO^ from 
the surface, one could observe the exposed surface by AFM, where one would see the 
sui'face topography, which could be inteipreted in teims of the size and distribution of the 
precipitates.
7.2.2. Other optical measurements
Photoluminescence spectroscopy is one of the strongest tools with which to investigate the 
band stiuctures of semiconductors, but there are other techniques which might help to 
characterize the optical properties and umavel the detailed structure and morphology of the 
precipitates. For example, photo absorption techniques enable one to find out which 
energy is the absorption energy which would yield additional information leading to a better 
understanding of the excitation and recombination processes.
165
Chapter 7 Conclusions and suggestions for future work
7.2.3. Electi’oluminescence
Although this project has focused on the chaiacterization of materials using PL 
spectroscopy, the long term aim is the realization of practical devices. For this purpose, 
electi'oluminescent (EL) stiTictures should be exploited.
There has been little in the way of research papers published on EL structures containing 
silicon precipitates in the SiO  ^matiix [127, 128] and it is still a matter of controversy as to 
whether it is possible to achieve intensive EL from Si/SiO^ stmctuies although there might 
be a possibility of achieving a cairier injection into the system. For example, one can make 
trenches from the surface to the area where silicon precipitates are sitting, using electrodes 
in order to inject carriers directly into the region of the nanocrystals.
If we could realize a device structure and obtain a highly efficient LED from silicon 
nanostructures, this would have an epoch making impact on the microelectronics world, 
and would accelerate the research of light emission from silicon nanostixictures and, thus, 
promote silicon visible light emitting optoelectronic devices.
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APPENDIX A 
INTERFERENCE ON PL EXPERIMENT
Optical interference in multilayered samples occui’s due to multiple reflection of emitted light 
at Si/Si0 2  interface. If the sample is thick or non-transparent, there is no need to worry 
about interference, however, our samples have a 0.5 to 1 pm thickness of SiO  ^on top of 
the Si substrate and the generated PL signal reflects at the interface between the SiOg and 
the Si substrate. This can cause an optical interference effect on the measured signal. 
Figure A. 1 shows a schematic of the interference mechanism.
Laser Line
Rp
C
Figure A.l; Schematic of the interference mechanism
If we assume that the light source is at the centre of the implantation distribution (Rp from 
the surface) then there are two optical paths from the emission (point B). One of these
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paths is B to A to F to the detector and the other is B to C to D to E to the detector. The 
difference between these two optical paths AL is
AL = n (BC + CD + DE) - (nBA + n’AF) (A. 1)
Where n and n' are the refractive indexes of each region, the assumption is that the value of 
n in the implanted region is uniform.
As AB and ED are par allel
AB=ED (A.2)
From (5.2) and (5.3)
AL = n (BC + CD) - n’AF (A.3)
BC = C D = - ^ L  (A.4)
C O S #
AF = AEsinO’ = DB sinG' = 2dtan0' sinG’ (A.5)
n sinG = n’ sinG' (A.6 )
From (A.3),(A.4), (A.5), and (A.6 )
AL = 2ndcosG (A.7)
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Equation (A.7) indicates that the difference in the optical pathways is independent of the 
depth of the emission centre.
Using (A.7), one can derive a relationship between the two wavelengths and this is set out 
below
2 ndcos0  = 1 1U . A.'
If the detector is perpendicular to the plane, cos0 is 1, so (A.8 ) can be simplified as 
follows:
Using the (A.9) calculation the sample was measured at the Max-Planck Institute and the 
University of Surrey.
Figure A.2 shows a typical PL spectrum recorded at the Max-Planck Institute using the 325 
nm line laser from the sample implanted with a dose of 2  x 1 0 ^^  cm"^  at an energy of 2 0 0  
keV into the 1 pm SiO  ^layer and, subsequent, annealed at 900°C for 30 minutes in forming 
gas. If one assumes that the shortest peak wavelength (442 nm) is the primary peak, one 
can calculate the positions at which interference peaks will occm* using equation A.9. Table
A.l shows the measured and calculated peak wavelengths assuming n = 1.58 and d = 1 
pm. It is apparent from these measurements that optical interference contributes to the PL 
structure observed in the experimental spectrum.
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Figure A.3 shows the PL spectia taken at the University of Surrey using the 488 nm line 
laser from the sample implanted with a dose of 2 x 10*^  cm’^  at an energy of 400 keV into 
the 1 |0,m SiOj layer and subsequently annealed at 1300°C for 30 minutes in N 2 . One can 
see two peaks within the measured window. If one assumes that the first peak (662 nm) is 
the
Table A.1: Measured peak wavelength vs. calculated peak wavelength
Prim ary peak 
(nm)
Secondary peak 
(nm) Tertiary peak (nm)
Measured 442 526 646
Calculated 442=*= 517 631
* Assumed as primary peak
14000 442 nm
12000 
c3  10000 526 nm
€<  8000
6000
4000 642 nmC
T =300 K2 0 0 0
4000 4500 5000 5500 6000 6500 7000 7500 8000
W ave length (A)
Figure A.2 Typical PL spectrum recorded at the Max-Planck Institute
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primary peak and n = 1.58 and d = 1 |Xm, then the second peak (832 nm) can be calculated 
using equation (A.9). The calculated result is 837 nm, which agrees closely with the 
measured peak. Therefore, it is evident that the second peak is due to optical interference.
However, in the case of samples which have a 0.5 |xm SiOj layer, the interference effect is 
much less than that from the 1 p,m samples in the wavelength range from 600 nm to 1 0 0 0  
nm, because from (A.9), if the primary peak is 620 nm, one can calculate the second peak 
wavelength as 1020 nm which is beyond the measurement area. Therefore, in the case of 
the thinner SiO^ samples, it will not be possible to detect the interference artefact as the 
system cut off is at 1 0 0 0  nm.
200
150 — 662 nm
^ 0 0 - 832 nm
CO
g
f
50 T=300K
0 \ r  I  I j 1 I i i j i I i i j i I T I  I  I  I
550 650 750 850 950Wavelength (nm)
Figure A.3 PL spectra taken at the University of Surrey using a 488 nm Ar laser
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Appendix B 
PHYSICS OF LIGHT EMISSION FROM SOLIDS
B .l Introduction
To Support the argument presented in this thesis, we include a summary of the basic 
concepts from the view point of quantum physics and energy band models of solids.
B.2 Quantum confinement
If particles, for example electrons are confined in a certain volume, the waves associated 
with the particle are standing waves within that volume/region. In this case particles can 
only take discrete energies. Here we will consider par ticles (electrons) trapped within a one 
dimensional potential well.
One dimensional wells can be defined as a confined area surrounded by an infinite energy 
barrier from which the electrons cannot escape. Figure B.l shows a schematic of a one 
dimensional well. For simplicity we have taken the potential energy V(x) = 0 except at the 
boundaries where V(x) is infinitely large, so the boundary conditions are:
V(x) = 0, 0<x<L (B. 1 a)
V(x) = oo, x<0, x>L (B.lb)
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C Oi
V(x)
OO
À
X
0 L
Figure B .l One dimensional potential well of infinite depth.
Inside the potential well, one can express the Schiddinger equation as [1]
dx ( h \ 
2 k
(B.2)
where m is the mass of the particle. A possible solution to (B.2) is
Y(x)=Asinkx+Bcoskx (B.3)
where A and B are constants and
2 2mE
Jl
2k
(B.4)
Applying the boundary condition on (B.la) and (B.lb) one can obtain
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T(x) = A sin kx (B .5)
where
ftTTk — ~Y~, n = I, 2, 3.... (B.6 )
Substituting for k from (B.4) one can obtain
n V
where n is a quantum number by which the total energy is quantized. The value of A can 
be obtained using (B.5) so, the wave function on each quantum number Tn can be written 
as
(B.8 )
Figure B.2 shows the forms of (a) Tn and (b) lYP for the first three quantum states
(n=l,2,3). Thus, instead of having a continuum of energy states, the particle has discrete 
energy states above the ground state, which results in wider energy gaps than that in a solid 
of large (infinite) dimensions.
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( X )
Energy in units 
of h ^/8 mL 2
x= 0 x= 0 L
(a) (b)
Figure B.2 Ground state and the first two excited states of a particle in a one­
dimensional well: (a) the particle wave functions and (b) the corresponding probability density functions. The energies of these three states are indicated on the right [1 ].
B.3 Concept of band gap
When isolated atoms are brought together to form a solid, the net force, has both attractive 
and repulsive components due to interaction with the Coulombic force between the positive 
ion cores and the surrounding free electrons and interaction between shared electrons. The 
system moves to find the minimum energy balance and achieves equihbrium at the 
measured interatomic spacing of the crystal. During this process, changes occur in the 
electron energy level configurations which are illustrated in Figure B.3 for the carbon 
system [2]. With decreasing interatomic separation the system moves from isolated carbon
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atoms to the separation typical of solid diamond. Each isolated carbon atom has an 
electronic orbital structure of Is^ ls^  in the ground states. Each orbital state can have two 
electrons. This expression means that each carbon atom has two Is states, two 2s and 2p 
states. As the interatomic spacing decreases, the wave functions of the electrons begin to 
overlap, and in order to satisfy Pauli’s exclusion principle, the state occupied by electrons 
start splitting into bands. If there are N atoms involved, 2N electrons of the same orbital 
can occupy 2N different states, thus forming a band of states instead of a discrete level as in 
the isolated atom. As the distance between the atoms approaches the equilibrium spacing of 
diamond, the band splits again into two bands separated by an energy gap Eg. At this 
point, the lower band is occupied by electrons because the higher energy states of 2p merge 
with the band of 2s states. This is called the valence band. As a result, the upper band 
does not contain electrons, and this is called the conduction band.
I 3s
Diamond Lattice spacing
Atomic separation
Figure B.3 Schematic showing the evolution of energy bands as the interatomic spacing decreases in an idealized material (carbon) [2].
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B.4 Radiative transitions
Electrons occupying a higher energy state than that under equilibrium conditions, make a 
transition to an empty lower-energy state because they move to a minimum energy state and 
all or most of the energy difference between the two states can be emitted as electromagnetic 
radiation although some energy is dissipated via lattice vibration. There are two families of 
semiconductors which are direct band gap semiconductors and indirect gap semiconductors
[3]. The main requirement for emission is that the system is not in equilibrium. In order to 
achieve this, some excitation process is necessary. Emission from a material which is 
stimulated by light (for example with laser radiation) is called photoluminescence. The 
basic concepts of transition and luminescence will be discussed below.
B.4.1 The van Roosbroeck-Shocklev Relation
In an equihbrium condition, the rate of optical generation of electron-hole pairs should be 
equal to their rate of radiative recombination, which is called the van Roosbroeck-Shockley
Relation [4]. If a detailed balance of these processes at various photon frequencies (v) is 
made, the rate of emission at frequency v with an interval dv is given by [5]
R(v)dv=P(v)p(v)dv (B.9)
Where P(v) is the probability per unit time of absorbing a photon of energy hv, and p(v)dv 
is the density of photons of frequency v in an interval dv, p(v) can be written, assuming the 
refractive index (n) is independent of v, as [5]
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p(v)dv  = STUV^ n^  1f  hv^
— - r  ■
■dv
exp
(B.IO)
- 1
The absorption probability is related to the mean hfetime T(v) of the photon in the 
semiconductor, so it can be expressed as [5]
P(v) = 1T(v) (B .ll)
The mean lifetime can be calculated from the mean free path l/a(v) (where a(v) is the
absorption coefficient) of a photon travelling at a velocity v = c/n where c is the velocity of 
light in a vacuum, assuming the refractive index (n) is a constant.
r(u) = 1a{v)v (B.12)
Therefore,
P(v) = a(v)u = a(v)- (B.13)
Substituting (B.IO) and (B.13) into (B.9)
c '[e x p (L /j^ r)- l] (B.14)
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(B.14) is the fundamental relation between the expected emission spectrum and the 
observed absorption spectrum. If one employs the variable u = hv/kT, where k is the 
Boltzmann’s constant and T is the temperature, (B.18) can be expressed as:
^ S7m^{kTf j*-a(v)w
2 7 .3c^h
These equations (B.14) and (B.15) state a fundamental relationship between recombination 
rate and the absorption coefficient. The above formula can be applied not only for band-to- 
band transitions but also for transitions between any set of states as long as the system is in 
thermal equibrium.
B.4.2 Excitonrecombination
If the material is sufficiently pure, the electrons and holes pair off into excitons which are 
defined as a bound excited electron-hole pair. When this electron-hole pair recombines 
electromagnetic radiation will be radiated. Figure B.4 shows a schematic of exciton 
recombination. In a direct-gap semiconductor (Figure B.4 (a)), momentum is conserved in 
a simple radiative transition, therefore, the energy of the emitted photon can be expressed 
as:
hv=Eg-E^ (B.16)
In the case of an indirect-gap semiconductor (Figure B.4 (b)), momentum conservation 
requires that a phonon is emitted to complete the transition, therefore, the energy of the 
emitted photon is:
hv=Eg-E^-Ep (B.17)
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where Ep is the energy of the phonon involved.
Bx
k k
(a) (b)
Figure B.4 Exciton recombination: (a) direct and (b) indirect [5].
B.4.3 Conduction band to valence band tiansitions
In a dhect-gap semiconductor, momentum-conserving transitions connect states having tiie 
same k-values as shown in Figuie B.5, therefore, as in the corresponding absorption 
process taken from the literature [5], the emission spectmm is given by
L(v) = B (hv - Eg) 1/2 (B.18)
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where L(v) is the light intensity of given v. The coefficient B can be evaluated from [6]
Eu
k
Figure B.5 Direct band to band radiative transition [5].
nch^me* (B.19)
where m^ * is die reduced mass: l/m^ * = 1/m/ + 1/m/. The emission shown have a low 
energy threshold at hv = Eg. As the excitation rate increases, states higher in the 
conduction band become filled which may lead to emission at higher photon energies.
In an indhect gap semiconductor, the transition must be mediated by an intemiedlate 
process which conserves momentum as shown in Figure B.6. Phonon emission is the
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most likely inteimediate process [5]. Another momentum-conserving process is phonon 
absorption, but it becomes negligible during emission [5]. One can express the light 
intensity as [5]
L(v) = B’ (hv - Eg + Ep)^ (B.20)
where B’ is the transition probability coefficient which is equivalent to (B.19).
E
k
Figure B.6 Radiative indirect transition [5].
Figure B.7 shows the comparison of dhect and indhect transitions. It appeal's that the 
indhect transition rises much faster than dhect transition with the excess energy above the 
threshold for emission. However, the transition probability coefficient is much smaller 
than that of dhect tiansitions which means that the intensity of indhect transition is lower 
than dhect transition.
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Direct
L
Indrect
livEgEg-Ep
Figure B.7 Compaiison of intensities of direct and indirect tiansitions [5].
B.5 Luminescence 
B.5.1 General
Luminescence is the general tenn used to describe the emission of radiation from solids 
when it is supplied with some foim of energy. There are mainly thiee types of 
luminescence which can be stimulated by an external excitation.
1. Photoluminescence : excitation arises from the absoiption of photons. Normally a 
monoenergetic laser light is used for excitation. This mechanism is mainly used for 
chaiacterization of optical materials because it is a non-destmctive process.
2. Cathodeluminescence : excitation occurs by bombardment with energetic electrons. 
This technique enables one to measure luminescence without electi'odes and to 
measure large band gap materials because the elections can have a high excitation 
energy.
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3. Electroluminescence excitation results from the application of an electric field. One 
can inject the caniers directly into the material in order to excite it. This mechanism 
has relevance to LEDs.
Whatever the form of energy input into the material system, the final stage in reaching 
equilibrium is an electi'onic transition between two energy levels with the emission of
radiation of wavelength % expressed by (B.16) and (B.17).
B.5.2 Stokes shift
During optical excitation, a photon is absorbed by the material and creates an electron-hole 
pair, because it is in a nonequilibrium condition the pair will evenually recombine emitting 
electromagnetic energy in order to reduce the system to the equilibrium state. If the 
recombination process is a radiative transition, as described in Section B.4, a photon will 
be emitted (equations B.20 and B.21). By recording the number of photons and the energy 
of the photon, one can probe par ticular regions of the band structure of the material.
If the exciton electron-hole pair recombines directly and no other energy-dissipating 
processes are involved, the emitting photon energy is identical to the excitation energy. 
However, in general, the emission energy is lower than the absorption energy and this is 
understood by taking into account the effect of the vibrations in the lattice between the 
surrounding atoms. This is known as Stokes shift [5].
189
Appendix B Physics o f light emission from solids
References
1. J Wilson and J F B Hawkes, Optoelectronics - An inttvduction*' (Second edition), Prentice Hall, London (1983).2. B G Streetman, ”Solid State Electronic Devices'’, Prentice-Hall International Inc, (1990).
3. T E  Jenkins, "Semiconductor Science - Growth and Characterization Techniques”, Prentice Hall, 1995.
4. W van Roosbroeck and W Shockley, Phys Rev 94,1558 (1954).
5. J I  Pankove, "Optical Processes in Semiconductors”, Dover Publications, Inc, New York (1971).6. J Bardeen, F J Blatt, and L H Hall, Proc of Atlantic City Photoconductivity 
Conference, 1954 (J Wiley and Chapman and Hall) 1956.
190
Appendix C Sample histories
APPENDIX C
SAMPLE HISTORIES
38P4 - Sample history
Date Wafer
number
Sam ple
number
Descrip tion
09.11.93 38P4 - Implanted, T’squai-e, SP 200 keV, 6x10*’ cm^
12.11.93 38P4 1 1300®C, 30 min, RTA anneal, N, ambient, RBS
12.11.93 38P4 2 1300®C, 30 min, RTA anneal, N, ambient, PL
12.11.93 38P4 3 1300°C, 120 min, RTA anneal, N, ambient
12.11.93 38P4 4 1300°C, 120 min, RTA anneal, N, ambient, PL, HTEM, Liverpool
38P4 5 As implanted for RBS
20.01.94 38P4 6 1300°C, 15 min, RTA anneal, N? ambient, PL
20.01.94 38P4 7 1300°C, 30 min, RTA anneal, N, ambient, PL
19.01.94 38P4 8 1300 '^C, 60 min, RTA anneal, N, ambient, PL
20.01.94 38P4 9 1300°C, 90 min, RTA anneal, N, ambient, PL
20.01.94 38P4 10 1300°C, 120 min, RTA anneal, N, ambient, PL
20.01.94 38P4 11 1300°C, 120 min, RTA anneal, N, ambient, TEM
20.01.94 38P4 12 1300°C, 15 min, RTA anneal, N? ambient, RBS
20.01.94 38P4 13 1300°C, 15 min, RTA anneal, N, ambient, TEM
20.01.94 38P4 14 1300°C, 30 min, RTA anneal, N, ambient, RBS
20.01.94 38P4 15 1300°C, 30 min, RTA anneal, N, ambient, TEM
19.01.94 38P4 16 1300°C, 60 min, RTA anneal, N? ambient, RBS
19.01.94 38P4 17 1300®C, 60 min, RTA anneal, N-> ambient, TEM
20.01.94 38P4 18 1300°C, 90 min, RTA anneal, N, ambient, RBS
20.01.94 38P4 19 1300°C, 90 min, RTA anneal, N, ambient, TEM
03.02.94 38P4 20 900®C, 30 min, RTA anneal, N, ambient, PL
03.02.94 38P4 21 900°C, 30 min, RTA anneal, N, ambient, RBS
03.02.94 38P4 22 1100°C, 30 min, RTA anneal, N, ambient, PL
03.02.94 38P4 23 1100®C, 30 min, RTA anneal, N, ambient, RBS
05.04.94 38P4 24 As implanted for PL
03.03.95 38P4 25 1300°C, 30 min, RTA anneal, N? ambient, PL
03.03.95 38P4 26 1300°C, 30 min, RTA anneal, N-, ambient, PL
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38P5 “ Sample history
Date Wafer
number
Sam ple
number
D escrip tion
04.11.93 38P5 - Implanted 1” square, SP 200 keV and 150 keV, 1 x 10^  ^cm^
12.11.93 38P5 1 1300°C, 30 min, RTA anneal, RBS
12.11.93 38P5 2 1300°C, 30 min, RTA anneal, PL
12.11.93 38P5 3 1300°C, 120 min, RTA anneal, RBS
12.11.93 38P5 4 1300°C, 120 min, RTA anneal, PL
05.11.93 38P5 5 As implanted for RBS
20.01.94 38P5 6 1300°C, 15 min, RTA anneal, N, ambient, PL
20.01.94 38P5 7 1300®C, 30 min, RTA anneal, N, ambient, PL
19.01.94 38P5 8 1300°C, 60 min, RTA anneal, N, ambient, PL
20.01.94 38P5 9 1300®C, 90 min, RTA anneal, N, ambient, PL
20.01.94 38P5 10 1300®C, 120 min, RTA anneal, N, ambient, PL, HTEM Liverpool
20.01.94 38P5 11 1300°C, 120 min, RTA anneal, N, ambient, TEM
20.01.94 38P5 12 1300°C, 15 min, RTA anneal, N, ambient, RBS
20.01.94 38P5 13 1300°C, 15 min, RTA anneal, N, ambient, TEM
20.01.94 38P5 14 1300°C, 30 min, RTA anneal, N, ambient, RBS
20.01.94 38P5 15 1300°C, 30 min, RTA anneal, N, ambient, TEM
19.01.94 38P5 16 1300°C, 60 min, RTA anneal, N, ambient, RBS
19.01.94 38P5 17 1300*^ C, 60 min, RTA anneal, N, ambient, TEM
20.01.94 38P5 18 1300®C, 90 min, RTA anneal, N, ambient, RBS
20.01.94 38P5 19 1300°C, 90 min, RTA anneal, N, ambient, TEM
05.04.94 38P5 20 As implanted for PL
15.05.95 38P5 21 1300°C, 15 min, N„ AFM
15.05.95 38P5 22 1300°C, 120 min, N„ AFM
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38P6 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
08.09.93 38P6 - Implanted 2” circle, SP 200 keV, 1 x 10*’ cm^
38P6 0 No implantation SiO,/Si
38P6 1 No annealing
38P6 2 No annealing
05.10.93 38P6 3 1300°C, 1 min, RTA anneal
05.10.93 38P6 4 1300°C, 1 min, RTA anneal
05.10.93 38P6 4’ SiO,/Si (no implantation), 1300®C, 1 min anneal
05.10.93 38P6 5 1300°C, 5 min, RTA anneal
05.10.93 38P6 6 1300°C, 5 min, RTA anneal
05.10.93 38P6 6’ SiO,/Si (no implantation), 1300®C,5 min, RTA anneal
05.10.93 38P6 7 1300°C, 10 min, RTA anneal
05.10.93 38P6 8 1300°C, 10 min, RTA anneal
05.10.93 38P6 9 1300°C, 30 min, RTA anneal
05.10.93 38P6 10 1300°C, 40 min, RTA anneal
05.10.93 38P6 10' SiO,/Si (no implantation), 1300°C, 30 min, RTA anneal
04.11.93 38P6 11 1300®C, 120 min, RTA anneal
04.11.93 38P6 12 1300°C, 360 min, RTA anneal
04.11.93 38P6 13 1300°C, 360 min. RTA anneal
04.11.93 38P6 14 1300'’C, 120 min, RTA anneal
03.09.93 38P6 15 As implanted RBS sample. RBS was carried out on 04.10.93
05.04.94 38P6 16 As implanted for PL
11.08.94 38P6 17 1300®C, 30 min, RTA anneal, N,
11.08.94 38P6 18 1300°C, 30 min, RTA anneal, N->
11.08.94 38P6 19 1300°C, 30 min, RTA anneal, N,
11.08.94 38P6 20 1300°C, 120 min, RTA anneal, N,
11.08.94 38P6 21 1300°C, 120 min, RTA anneal, N,
11.08.94 38P6 22 1300°C, 120 min, RTA anneal, N,
25.08.94 38P6 23 As implanted RBS
38P6 24 No annealing
38P7 - Sample history
Date Wafer
number
Sam ple
number
D escription
20.04.94 38P7 - Implanted 1” square, SP 200 keV + 150 keV, 3 x 10” cm  ^each
38P7 0 No implantation SiO,/Si
10.05.94 38P7 1 1300°C, 30 min, RTA anneal, N„ RBS
10.05.94 38P7 2 1300°C, 30 min, RTA anneal, N?, PL
10.05.94 38P7 3 1300®C, 120 min, RTA anneal, N„ RBS
10.05.94 38P7 4 1300°C, 120 min, RTA anneal, N„ PL
38P7 5 As implanted, PL
10.05.94 38P7 6 1300°C, 30 min, RTA anneal, N,
06.07.94 38P7 7 As implanted, RBS
38P7 8
38P7 9
10.05.94 38P7 10 1300‘’C, 120 min, RTA anneal, N,
38P7 11
38P7 12
38P7 13
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38P8 " Sample history
Date Wafer
number
Sam ple
number
D escrip tion
11.05.94 38P8 - Implanted 1” square, SP 200 keV, 6 x 10” cm^
11.08.94 38P8 1 1300°C, 30 min, RTA anneal, N? ambient, RBS
11.08.94 38P8 2 1300®C, 30 min, RTA anneal, N, ambient, PL, AFM
11.08.94 38P8 3 1300°C, 120 min, RTA anneal, N, ambient, AFM
11.08.94 38P8 4 1300°C, 120 min, RTA anneal, N, ambient, PL
14.11.94 38P8 5 1300°C, 120 min, RTA anneal, N, ambient, PL
14.11.94 38P8 6 1300®C, 120 min, RTA anneal, N, ambient
14.11.94 38P8 7 As implanted for PL, AFM
11.08.94 38P8 8 1300°C, 30 min, RTA anneal, N, ambient
11.08.94 38P8 9 1300°C, 120 min, RTA anneal, N, ambient
14.11.94 38P8 10 1300°C, 120 min, RTA anneal, N, ambient
14.11.94 38P8 11 1300°C, 30 min, RTA anneal, N, ambient, PL
14.11.94 38P8 12 1300°C, 30 min, RTA anneal, N, ambient
14.11.94 38P8 13 1300®C, 30 min, RTA anneal, N, ambient
02.02.95 38P8 14 1300°C, 30 min, RTA anneal, N, ambient, PL
02.02.95 38P8 15 1300®C, 30 min, RTA anneal, N, ambient, PL
38P8 16
38P8 17
38P8 18
38P8 19
38P8 20
38P8 21
38P8 22
38P8 23
38P8 24
38P8 25
38P8 26
08.10.94 38P8 27 RBS, As implanted, SIMS
12.09.94 38P8 28 PL, as implanted
38P9 - Sample history
Date Wafer
number
Sam ple
number
D escription
13.07.94 38P9 - Implanted 1" area, SP 200 keV, 2 x 10*’ cm ,^ 5000 Â SiO,
38P9 0 No implantation SiO,/Si
15.11.94 38P9 1 As implanted, RBS
02.02.95 38P9 2 1300®C, 30 min, RTA anneal, N, ambient, PL
02.02.95 38P9 3 1300°C, 30 min, RTA anneal, N, ambient, PL
02.02.95 38P9 4 1300°C, 30 min, RTA anneal, N, ambient, PL
38P9 5
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38P10 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
20.05.94 38P10 - Implanted 1” square, Ar^  300 keV, 6 x 10” cm’
38P10 0 No implantation SiO,/Si
23.05.94 38P10 1 As implanted, PL
23.05.94 38P10 2 As implanted, RBS
38P11 - Sample history
Date Wafer
number
Sam ple
number
D escription
12.07.94 38P11 - Implanted 1” square, SP 400 keV, 2 x 10” cm’, 1 |0.m SiO,
38P11 0 No implantation SiO,/Si
15.11.94 38P11 2 As implanted, RBS
02.02.95 38P11 2 1300°C, 30 min, RTA anneal, N, ambient, TEM
02.02.95 38P11 3 1300®C, 30 min, RTA anneal, N, ambient, TEM
02.02.95 38P11 4 1300®C, 30 min, RTA anneal, N, ambient, TEM
38P11 5
19.10.95 38P11 6 1300®C, 30 min, RTA anneal, N, ambient, PL, Tsukuba
19.10.95 38P11 7 900°C, 3 min, RTA anneal, FG ambient, PL, Tsukuba
19.10.95 38P11 8 900®C, 30 min, RTA anneal, FG ambient, PL, Tsukuba
19.10.95 38P11 9 900°C, 180 min, RTA anneal, FG ambient, PL, Tsukuda
30.10.95 38P11 10 As implanted, SIMS
06.11.95 38P11 11 As implanted, Tsukuda
06.11.95 38P11 12 1300°C, 3 min, RTA anneal, N? ambient, PL, Tsukuda
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38P12 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
18.07.94 38P12 - Implanted 1” area, SP 200 keV, 2 x 10” cm’
38P12 0 No implantation SiO,/Si
12.09.94 38P12 1 As implanted, RBS
14.11.94 38P12 2 1300°C, 30 min, RTA anneal, N, ambient, PL
14.11.94 38P12 3 1300°C, 30 min, RTA anneal, N, ambient
14.11.94 38P12 4 1300°C, 30 min, RTA anneal, N, ambient
14.11.94 38P12 5 1300°C, 120 min, RTA anneal, N, ambient, PL
14.11.94 38P12 6 1300°C, 120 min, RTA anneal, N, ambient
14.11.94 38P12 7 1300°C, 120 min, RTA anneal, N, ambient
02.02.95 38P12 8 1300°C, 30 min, RTA anneal, N, ambient, oxidation at 800°C
02.02.95 38P12 9 1300°C, 30 min, RTA anneal, N, ambient
02.02.95 38P12 10 1300°C, 30 min, RTA anneal, N, ambient
02.02.95 38P12 11 1300®C, 30 min, in N^ , 400°C 2 hP 1000°C 1 hF 1300°C 30 min 
N, 800°C 1 hF
02.02.95 38P12 12 1300®C, 30 min, RTA anneal, N, ambient, 800°C, 4 h, FG
02.02.95 38P12 13 1300®C, 30 min, RTA anneal, N, ambient, 800°C, 4 h, N,
02.02.95 38P12 14 1300°C, 30 min, RTA anneal, Nj ambient, 1000®C, 1 h, FG to 
EPR
02.02.95 38P12 15 1300°C, 30 min, RTA anneal, N, ambient, H, plasma treatment
02.02.95 28P12 16 1300°C, 30 min, RTA anneal, N, ambient, reference
02.02.95 38P12 17 1300°C, 30 min, RTA anneal, N„ 1300®C, 60 min, FG to EPR
02.02.95 38P12 18 1300°C, 30 min, RTA anneal, N, ambient, TEM (Oxford)
02.02.95 38P12 19 1300°C, 30 min, RTA anneal, N, ambient, at 800®C for 2 h in 0 ,
09.05.95 38P12 20
09.05.95 38P12 21 1300°C, 30 min, RTA anneal, N, ambient, TEM (Oxford)
09.05.95 38P12 22 1300°C, 30 min, RTA anneal, FG ambient, TEM (Oxford)
01.06.95 38P12 23 As implanted to EPR
01.06.95 38P12 24 1300®C, 30 min, RTA anneal, N„ 400°C, 60 min, FG to EPR
01.06.95 38P12 25 1300°C, 30 min, RTA anneal, N„ 800°C, 60 min, FG to EPR
01.06.95 38P12 26 1300°C, 30 min, RTA anneal, N, ambient to EPR
01.07.95 38P12 27 900®C, 30 min, RTA anneal, N, ambient
01.06.95 38P12 28 To 900®C, (30 min), 1.5 h, N,
01.06.95 38P12 29 To 1300°C, 1300®C (5 min), to 900®C, 900®C (1 h 55 min), N,
26.06.95 38P12 30 700°C, 120 min, RTA anneal, N, ambient
26.06.95 38P12 31 30 min to 700®C, 1.5 h anneal and coll down, N,
26.06.95 38P12 32 2.5 min to 1300°C, 5 min, a min to 700®C, 115 min 700°C, N,
01.08.95 38P12 33 ToProf Iwayama
01.08.95 38P12 34 To Prof Iwayama
13.09.95 38P12 35 1300°C, 30 min, RTA anneal, N, ambient
13.09.95 38P12 36 1300°C, 30 min, RTA anneal, N? ambient
13.09.95 38P12 37 1300®C, 30 min, RTA anneal, N, ambient
38P12 38
38P12 39 As implanted, PL
08.11.95 38P12 40 900°C, 3 min, RTA anneal, FG, PL
08.11.95 38P12 41 900°C, 30 min, RTA anneal, FG, PL
08.11.95 38P12 42 900°C, 180 min, RTA anneal, FG, PL
30.06.96 38P12 43 900®C, 30 min, RTA anneal, FG, TEM (Oxford)
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P-1 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
05.09.94 PI - Implanted 1” square, SP 400 keV, 2 x 10” cm’
PI 0 No implantation. SiO, only
15.11.94 PI 1 As implanted for RBS
18.10.95 PI 2 900°C, 3 min, RTA anneal, N„ PL
30.10.95 PI 3 As implanted, SIMS
18.10.95 PI 4 1300®C, 30 min, RTA anneal, N„ PL
30.10.95 PI 5 As implanted, PL
06.11.95 PI 6 900°C, 3 min, RTA anneal, FG, PL
06.11.95 PI 7 900°C, 30 min, RTA anneal, FG, PL
06.11.95 PI 8 900°C, 180 min, RTA anneal, FG, PL
PI 9
PI 10
11
12
P2 - Sample history
Date Wafer
number
Sam ple
number
Description
06.09.94 P2 - Implanted 1" square, SP 300 keV, 2 x 10” cm’
P2 0 No implantation, SiO, only
P2 1
14.11.94 P2 2 1300°C, 30 min, RTA anneal, N, ambient
14.11.94 P2 3 1300®C, 30 min, RTA anneal, N, ambient
14.11.94 P2 4 1300°C, 30 min, RTA anneal, N, ambient
12.09.94 P2 5 As implanted, RBS
14.11.95 P2 6 1300®C, 120 min, RTA anneal, N, ambient
14.11.94 P2 7 1300®C, 120 min, RTA anneal, N, ambient
14.11.94 P2 8 1300®C, 120 min, RTA anneal, N, ambient
02.02.95 P2 9 1300°C, 30 min, RTA anneal, N, ambient
02.02.95 P2 10 1300®C, 30 min, RTA anneal, N, ambient
P2 11
P2 12
P2 13
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P3 - Sample history
Date Wafer
number
Sam ple
number
Descrip tion
19.06.95 P3 - Implanted 1” square, S iP  336 keV, 2 x 10” cm’
P3 0 No implantation, SiO, only
26.06.95 P3 1 1300°C, 30 min in N„ EPR (05.09.95)
26.06.95 P3 2 900°C, 120 min in N„ PL
19.06.95 P3 3 As implanted, EPR (05.09.95)
19.06.95 P3 4 As implanted, RBS
17.07.95 P3 5 900°C, 30 min in N,
17.07.95 P3 6 700°C, 30 min in N,
17.07.95 P3 7 500°C, 30 min in N,
P3 8
P3 9
P3 10
P3 11
38N3 - Sample history
Date Wafer
number
Sam ple
number
D escription
38N3 - 2 x 3  cm, nitrogen implantation, 5000Â SiO,
38N3 0 SiO,
10.10.94 38N3 1 Implanted 2 cm sq, N ,\  200 keV, 5 x 10” cm’, RBS, SIMS
10.10.94 38N3 2 Implanted 2 cm sq, N ,\ 200 keV, 1 x 10” cm’, RBS, SIMS
10.10.94 38N3 3 Implanted 2 cm sq, N,''", 200 keV, 1 x 10*® cm’, RBS, SIMS
10.10.94 38N3 4 Implanted 2 cm sq, N,'*', 200 keV, 5 x 10*® cm’, RBS, SIMS
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38N4 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
01.02.94 38N4 - Implanted 1” square, S i\ 200 keV, 2 x 10” cm’
14.02.94 38N4 1 900°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 38N4 2 900®C, 30 min, RTA anneal, N, ambient
14.02.94 38N4 3 900°C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 38N4 4 900°C, 120 min, RTA anneal, N, ambient, PL
14.02.94 38N4 5 900°C, 120 min, RTA anneal, N, ambient
14.02.94 38N4 6 900®C, 120 min, RTA anneal, N, ambient, RBS
14.02.94 38N4 7 1100°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 38N4 8 1100°C, 30 min, RTA anneal, N, ambient
14.02.94 38N4 9 1100°C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 38N4 10 1100®C, 120 min, RTA anneal, N, ambient, PL
14.02.94 38N4 11 1100®C, 120 min, RTA anneal, N, ambient
14.02.94 38N4 12 1100°C, 120 min, RTA anneal, N, ambient, RBS
14.02.94 38N4 13 1300°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 38N4 14 1300®C, 30 min, RTA anneal, N, ambient
14.02.94 38N4 15 1300®C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 38N4 16 1300®C, 120 min, RTA anneal, N, ambient, PL
14.02.94 38N4 17 1300°C, 120 min, RTA anneal, N, ambient
14.02.94 38N4 18 1300®C, 120 min, RTA anneal, N, ambient, RBS
05.04.94 38N4 19 As implanted for PL
12.04.94 38N4 20 As implanted for RBS
11.09.94 38N4 21 1300°C, 30 min, RTA anneal, Ar ambient, PL
11.09.94 38N4 22 1300®C, 30 min, RTA anneal, Ar ambient
11.09.94 38N4 23 1300°C, 30 min, RTA anneal, Ar ambient
11.09.94 38N4 24 1300°C, 30 min, RTA anneal, N+H ambient, PL
11.09.94 38N4 25 1300°C, 30 min, RTA anneal, N+H ambient
11.09.94 38N4 26 1300°C, 30 min, RTA anneal, N+H ambient
38N4 28
38N4 29
38N4 30
38N5 “ Sample history
Date Wafer
number
Sam ple
number
Description
02.02.94 38N5 - Implanted 1” square, SP, 200 keV, 6 x 10*® cm’
14.02.94 38N5 1 1300°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 38N5 2 1300®C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 38N5 3 1300°C, 30 min, RTA anneal, N, ambient
14.02.94 38N5 4 1300°C, 120 min, RTA anneal, N, ambient, PL
14.02.94 38N5 5 1300®C, 120 min, RTA anneal, N, ambient, RBS
14.02.94 38N5 6 1300°C, 120 min, RTA anneal, N, ambient
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38N6 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
04.02.94 38N6 - Implanted 1” square, SP 250 + 200 + 150 keV, 1 x 10” cm’ each
38N6 0 SiO,
20.05.94 38N6 1 1300®C, 30 min, RTA anneal, N, ambient, RBS
20.05.94 38N6 2 1300®C, 30 min, RTA anneal, N, ambient, PL
20.05.94 38N6 3 1300°C, 30 min, RTA anneal, N, ambient
20.05.94 38N6 4 1300®C, 120 min, RTA anneal, N, ambient, PL
20.05.94 38N6 5 1300®C, 120 min, RTA anneal, N, ambient
20.05.94 38N6 6 1300°C, 120 min, RTA anneal, N, ambient, RBS
38N10 - Sample history
Date Wafer
number
Sam ple
number
Description
19.05.94 38N10 - Implanted 1" area, Si+, 200 keV, 6 x 10” cm’
38N10 0 No implantation SiO,/Si
15.11.94 38N10 1 As implanted, RBS
02.02.95 38N10 2 1300°C, 30 min, RTA anneal, N, ambient, PL
02.02.95 38N10 3 1300°C, 30 min, RTA anneal, N, ambient, PL
38N10 4
38N11 - Sample history
Date Wafer
number
Sam ple
number
Description
31.08.94 38N11 - Implanted 1” area, SP, 400 - 150 (50 dec) keV, 5 x 10*® cm’ each
38N11 0 No implantation SiO,/Si
12.09.94 38N11 1 As implanted, RBS
14.11.94 38N11 2 1300°C, 30 min, RTA anneal, N? ambient, PL
14.11.94 38N11 3 1300°C, 30 min, RTA anneal, N, ambient
14.11.94 38N11 4 1300®C, 30 min, RTA anneal, N, ambient, TEM
14.11.94 38N11 5 1300°C, 120 min, RTA anneal, N, ambient, PL
14.11.94 38N11 6 1300®C, 120 min, RTA anneal, N, ambient
14.11.94 38N11 7 1300®C, 120 min, RTA anneal, N, ambient, TEM
02.02.95 38N11 8 1300°C, 30 min, RTA anneal, N, ambient, TEM
02.02.95 38N11 9 1300®C, 30 min, RTA anneal, N,. ambient, TEM
38N11 10
38N11 11
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38N12 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
01.02.94 38N12 - Implanted 1” area, SP, 200 + 150 keV, 1 x 10” cm’ each
38N12 0 No implantation SiO,/Si
01.09.94 38N12 1 As implanted, RBS
38N12 2
14.11.94 38N12 3 1300®C, 30 min, RTA anneal, N, ambient, PL
14.11.94 38N12 4 1300®C, 30 min, RTA anneal, N, ambient, PL
14.11.94 38N12 5 1300°C, 30 min, RTA anneal, N, ambient, PL
14.11.94 38N12 6 1300°C, 120 min, RTA anneal, N, ambient, PL
14.11.94 38N12 7 1300®C, 120 min, RTA anneal, N? ambient, PL
14.11.94 38N12 8 1300°C, 120 min, RTA anneal, N, ambient, PL
02.02.95 38N12 9 1300°C, 30 min, RTA anneal, N, ambient, 800°C, 240 min, F
02.02.95 38N12 10 1300°C, 30 min, RTA anneal, N, ambient, PL
18.10.95 38N12 11 900®C, 3 min, RTA anneal, FG ambient, PL
18.10.95 38N12 12 900°C, 30 min, RTA anneal, FG ambient, PL
18.10.95 38N12 13 900°C, 180 min, RTA anneal, FG ambient, PL
30.10.95 38N12 14 As implanted, SIMS
NOl- Sample history
Date Wafer
number
Sam ple
number
D escription
03.02.94 NOl - Implanted 1" square, S i\ 200 keV, 6 x 10” cm’
14.02.94 NOl 1 900°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 NOl 2 900°C, 30 min, RTA anneal, N, ambient
14.02.94 NOl 3 900°C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 NOl 4 900°C, 120 min, RTA anneal, N, ambient, PL
14.02.94 NOl 5 900®C, 120 min, RTA anneal, N, ambient
14.02.94 NOl 6 900®C, 120 min, RTA anneal, N, ambient, RBS
14.02.94 NOl 7 1100°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 NOl 8 1100®C, 30 min, RTA anneal, N, ambient
14.02.94 NOl 9 1100°C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 NOl 10 1100®C, 120 min, RTA anneal, N, ambient, PL
14.02.94 NOl 11 1100®C, 120 min, RTA anneal, N, ambient
14.02.94 NOl 12 1100®C, 120 min, RTA anneal, N, ambient, RBS
14.02.94 NOl 13 1300°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 NOl 14 1300®C, 30 min, RTA anneal, N, ambient
14.02.94 NOl 15 1300°C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 NOl 16 1300®C, 120 min, RTA anneal, N, ambient, PL
14.02.94 NOl 17 1300°C, 120 min, RTA anneal, N, ambient
14.02.94 NOl 18 1300°C, 120 min, RTA anneal, N, ambient, RBS
05.04.94 NOl 19 As implanted PL
12.04.94 NOl 20 As implanted RBS
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N02 - Sample history
Date Wafer
number
Sam ple
number
Descrip tion
02.02.94 N02 - Implanted 1” square, SP 200 keV, 3 x 10*® cm’
N02 0 No implantation, SiO, only
02.03.94 N02 1 As implanted RBS
08.03.95 N02 2 1300®C, 30 min, RTA anneal, N, ambient
N03 - Sample history
Date Wafer
number
Sam ple
number
D escription
01.02.94 N03 - Implanted 1” square, SP, 200 keV, 4 x 10*’ cm’
01.02.94 N03 0 No implantation, SiO, only, RBS
25.07.94 N03 1 1300®C, 30 min, RTA anneal, N, ambient, RBS
25.07.94 N03 2 1300°C, 30 min, RTA anneal, N, ambient
25.07.94 N03 3 1300®C, 30 min, RTA anneal, N, ambient, PL
25.07.94 N03 4 1300®C, 120 min, RTA anneal, N, ambient, RBS
25.07.94 N03 5 1300°C, 120 min, RTA anneal, N, ambient, HTEM at Liverpool
25.07.94 N03 6 1300“C, 120 min, RTA anneal, N, ambient, PL
25.07.94 N03 7 As implanted, PL
25.07.94 N03 8 As implanted, RBS
N04 - Sample history
Date Wafer
number
Sam ple
number
D escription
19.04.94 N04 - Implanted 1” square, SP, 50 keV, 2 x 10*® cm’
N04 0 No implantation, SiO, only
02.02.95 N04 1 1300°C, 30 min, RTA anneal, N, ambient, PL
02.02.95 N04 2 1300®C, 30 min, RTA anneal, N, ambient, PL
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NOS - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
22.04.94 N05 - Implanted 1” square, SP 400 keV, 2 x 10” cm’
14.02.94 N05 0 No implantation, SiO, only, RBS
14.02.94 N05 1 1300°C, 30 min, RTA anneal, N, ambient, RBS
14.02.94 N05 2 1300°C, 30 min, RTA anneal, N, ambient, PL
14.02.94 N05 3 1300°C, 30 min, RTA anneal, N, ambient
14.02.94 N05 4 1300°C, 120 min, RTA anneal, N, ambient, RBS
14.02.94 N05 5 1300°C, 120 min, RTA anneal, N, ambient, PL, HTEM, Liverpool
14.02.94 N05 6 1300°C, 120 min, RTA anneal, N, ambient
11.08.94 N05 7 500°C, 120 min, RTA anneal, N, ambient
11.08.94 N05 8 500®C, 120 min, RTA anneal, Nj ambient, PL, HTEM at 
Liverpool
11.08.94 N05 9 700°C, 120 min, RTA anneal, N, ambient, PL
11.08.94 N05 10 700°C, 120 min, RTA anneal, N, ambient
11.08.94 N05 11 900°C, 120 min, RTA anneal, N, ambient, PL
11.08.94 N05 12 900°C, 120 min, RTA anneal, N, ambient
11.08.94 N05 13 1100°C, 120 min, RTA anneal, N, ambient, PL
11.08.94 N05 14 1100°C, 120 min, RTA anneal, N, ambient, HTEM at Liverpool
11.08.94 N05 15 As implanted, PL
14.11.94 N05 16 1300°C, 120 min, RTA anneal, N, ambient
14.11.94 N05 17 1300°C, 120 min, RTA anneal, N, ambient
09.10.95 N05 18 1300°C, 30 min, RTA anneal, N, ambient, HTEM (Oxford)
N06 - Sample history
Date Wafer
number
Sam ple
number
D escription
17.01.95 N06 - Implanted 1" square, SP, 200 keV, 2 x 10” cm’ with A1 
surrounding
N06 0 No implantation, SiO, only
27.02.95 N06 1 As implanted, RBS
02.02.95 N06 2 1300°C, 30 min, RTA anneal, N, ambient, PL, RBS
02.02.95 N06 3 1300°C, 30 min, RTA anneal, N, ambient, PL
13.09.95 N06 4 1300°C, 30 min, RTA anneal, N, ambient, PL
N06 5
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N07 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
20.06.95 N07 - Implanted 1” square, SP, 400 + 200 keV, 2 x 10” cm’ each
N07 0 No implantation, SiO, only
26.06.95 N07 1 1300®C, 30 min, RTA anneal, N, ambient, PL
26.06.95 N07 2 900°C, 120 min, RTA anneal, N; ambient, 800°C, 60 min, FG, 
PL
11.09.95 N07 3 As implanted, 800°C, 60 min, FG, PL
17.07.95 N07 4 900°C, 30 min, RTA anneal, N, ambient, PL
17.07.95 N07 5 700°C, 30 min, RTA anneal, N, ambient, PL
31.07.95 N07 6 As implanted RBS
17.07.95 N07 7 700°C, 120 min, RTA anneal, N, ambient, PL
17.07.95 N07 8 1100®C, 30 min, RTA anneal, N, ambient, PL
17.07.95 N07 9 1100°C, 120 min, RTA anneal, N, ambient, PL
11.09.95 N07 10 900°C, 120 min, RTA anneal, N, ambient, PL
11.09.95 N07 11 800®C, 30 min, RTA anneal, 0 ,  ambient, PL
11.09.95 N07 12 1000°C, 30 min, RTA anneal, 0 ,  ambient, PL
11.09.95 N07 13 1300°C, 30 min, RTA anneal, N, ambient, PL
18.10.95 N07 14 1300°C, 360 min, RTA anneal, N, ambient, PL
30.10.95 N07 15 As implanted, SIMS
N07 16
N07 17
N07 18
N07 19
N08 - Sample history
Date Wafer
number
Sam ple
number
Description
18.01.95 N08 - Implanted 1" square, SP, 200 keV, 2 x 10*’cm’ without A1 
surrounding
N08 0 No implantation, SiO, only
27.02.95 N08 1 As implanted, RBS
02.02.95 N08 2 1300°C, 30 min, RTA anneal, N, ambient, PL, RBS
02.02.95 N08 3 1300°C, 30 min, RTA anneal, N; ambient, PL 800°C, 60 min, 
FG, PL
02.02.95 N08 4 1300®C, 30 min, RTA anneal, N, ambient, PL
13.09.95 N08 5 1300®C, 30 min, RTA anneal, N, ambient, PL
N08 6
204
Appendix C Sample histories
Si-1 - Sample history
Date Wafer
number
Sam ple
number
D escrip tion
23.01.96 Si-1 - Implanted 1” square, silica glass, SP 200 keV, 2 x 10” cm ’
Si-1 0 No implantation - silica glass only
04.02.96 Si-1 1 900°C, 3 min in FG, PL
04.02.96 Si-1 2 900°C, 3 hi- in FG, PL
04.02.96 Si-1 3 900°C, 30 min in FG, PL
04.02.96 Si-1 4 900°C, 3 min in N„ PL
04.02.96 Si-1 5 900®C, 30 min in FG, PL (Tsukuba)
Si-1 6
Si-1 7
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